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Abstract
Nonylphenol ethoxylates (NPEO) are commercially available non-ionic surfactants that, 
along with the parent nonylphenol (NP), are considered to be possible endocrine 
disrupters. NP and NPEO are resistant to conventional aerobic biological water treatment 
systems. Alternatives to this technology are sought to remove these and other bio- 
resistant compounds from wastewaters. Composites of the photocatalyst, TiOz, and 
activated carbon (AC) adsorbents have been prepared, characterised and applied as 
adsorbents and photocatalysts in removal of phenols and NPEO from aqueous solution.
Two methods were utilised to prepare of TiOa/C composites. AC was coated with Ti02  
derived from the hydrolysis ofTi(OPr%, and with Degussa P25 using a polyvinyl alcohol 
binder that was subsequently carbonised in an inert atmosphere. The TiOz/C composites 
were characterised by nitrogen adsorption. X-ray diffraction, X-ray photoelectron 
spectroscopy, UV-visible reflectance spectroscopy and scanning electron microscopy.
The AC and TiOa/C adsorption capacity for phenol was observed to be affected by the 
surface area and surface chemistry of the adsorbent, as well as the pH of solution. The 
NPEO adsorption capacity and rate of adsorption was found to be dependant on the pore 
size distribution of the adsorbent. The effect of surface chemistry and solution pH was 
minimal. The selectivity of the adsorbent in the adsorption of NPEO was studied using 
HPLC.
The rate o f photooxidation o f phenol was found to be first-order and greatest under basic 
conditions. This is attributed to changes in the electronic sfructure of the UO2 under these 
conditions that increases the rate o f reduction of molecular oxygen, often considered to 
be the rate limiting step. Photodegradation o f NPEO led to the aggregation and 
sedimentation of Ti02  particles. HPLC and GC-MS analysis identified photo- 
mineralisation intermediates and the mechanism of photodegradation of NPEO is 
discussed.
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Chapter I
General Introduction
Chapter I: General Introduction
1.1. Introduction
Increasingly stringent legislation governing discharges into waterways around the world 
are placing increased pressure upon current wastewater treatment technologies. The 
inadequacies of conventional biological treatment o f industrial wastewaters has led to a 
concerted effort in the search for alternative technologies which are able to out-perform 
the current treatment processes whilst still offering the relatively low costs associated 
with conventional processes^’^ .
i
The history of modern sanitation and ti*eatment o f wastewater in the UK is generally 
traced back to events in London between 1840 and 1860. Cholera became widespread in 
London during the 1840s. The discovery that cholera was a waterborne disease, by Dr 
John Snow in 1954, lead to sanitation reform in London becoming a high priority. This 
need for sanitation reform in London was due, at least in part, to flushing toilets 
replacing chamber pots. These dramatically increased the volume o f waste entering 
existing cesspits that would then often overflow into street drains that were designed to 
carry only rainwater. These street drains would not only end up carrying waste from 
overflowing cesspits, but would also carry waste from factories and slaughterhouses 
which contaminated the city before entering the River Thames. The reform of the 
sanitation system was accelerated by the Great Stink o f 1858. The summer o f 1858 was
unusually hot; the River Thames was overflowing with sewage and the warm weather
'\encouraged bacteria to thrive and the resulting smell was so overwhelming that it 
affected the work of the House o f Commons. In the summer of 1858 Benjamin Disraeli 
was seen fleeing fi‘om the Chamber, handkerchief to nose, complaining loudly about the 
‘Stygian Pool’ that the Thames had become, as an ever increasing volume o f sewage 
flowed into the river through undergiound rivers and was canied endlessly up and down 
the tidal stietch of the Thames. This was not the first occasion that the state of the river 
had caused concern. The problem reached one o f  its many climaxes in 1855 when The 
Times published a letter ftom Michael Faraday, which described the horrors o f a 
journey by boat along the river. ,
Chaptei-1: General Introduction
f :  '  O t T B t < .'ci* I»
F \U \ I » \ V  U I M V ;  HIS C\KH h* KVUIKU TH\Mi;S;
And w i  h»pc Un Duty Fellow wiU tin leined Frcf^uor
Fig. 1.1a. Michael Faraday presenting his card to Father Thames; the picture followed 
Faraday’s letter to The Times (Punch Magazine, July 1855).
Heavy rain finally broke the hot summer and the immediate crisis ended. However, a 
House o f Commons Select Committee was appointed to report on the Great Stink and 
recommend how to put an end to the problem.
The current control o f discharges into the aquatic environment in the UK is administered 
through the application of several European Union (EU) Directives. Five different types 
of Directive have been applied to control aquatic pollution:
1. Quality of Water Directives;
2. Industrial Sector Directives;
3. Product Directives;
4. Industrial Substances Directives;
5. The Water Framework Directive
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Each o f these directive types will now be examined in more detail:
1. Quality o f Water Directives
These directives are related to a.particular water use and define the standards that must be 
met in order that the water is suitable for the particular use. The following use-related 
water directives have been adopted by the EU:
• Smface Water Directive (75/440/EEC)
This sets the standards for quality of surface water intended for the abstraction of 
drinking water
•  Bathing Water Directive (76/160/EEC)
This was put in place to protect the envhonment and human health at locations 
where bathing is h aditionally practiced by a large number of bathers, by enforcing 
the achievement o f a number of standards, mainly chemical and microbiological
• Freshwater for Fish Directive (78/659/EEC)
This was implemented to protect or improve running or standing fresh waters 
which support, or would become capable of supporting, indigenous or other 
desirable species of fish,
• Shellfish Directive (79/923/EEC)
This was implemented to protect and improve coastal and brackish waters to 
support shellfish life and growth and thus contribute to the quality of shellfish 
products directly edible by man.
•  Groundwater Directive (80/68/EEC)
This aimed to prevent pollution o f groundwater by substances belonging to 
families or groups o f substances described in Lists I and II o f its Annex. Its main 
aim was to prevent the discharge o f List I substances, and to limit the discharge of 
List II substances, to groundwater.
Each of these Directives set a standard for chemical, microbiological and aesthetic 
parameters. The standards for individual substances vary depending on the water use 
requiring protection. When consent for discharge is gianted, the use o f the receiving
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water is taken into account along with the concentration o f the pollutant in the receiving 
water to ensure the receiving water is protected.
2. Industrial Sector Directives
Only three EU industrial sector Directives were accepted: for the TiOz industiy, the 
Urban Waste Water Treatment Directive and tlie Nitrate Directive. The Urban Waste 
Water Treatment Directive (92/271/EEC) was drawn up to protect the environment by 
ensuring that all significant discharges o f sewage from urban wastewater and 
biodegi'adable wastewater from the food processing industry are treated before they are 
discharged into the water environment. This Directive imposed obligations to establish 
wastewater collection and ti*eatment systems and to specify standards, depending on the 
size of the community and the location o f the discharge. This Directive required Member 
States to identify sensitive areas o f the marine and fr eshwater environment on the basis o f  
a number criterion. Sensitive areas where corresponding higher levels of treatment 
required are:
• areas suffering from eutrophication or which may become eutrophic;
•  areas where drinking water supplies need to be protected from excessive levels o f  
nitrates;
•  areas where more stringent levels of sewage treatment are need to meet the 
requirements of other EU Directives.
The Nitrate Directive (91/676/EEC) was designed to protect water against pollution 
caused by nitr ates used in agr iculture. The Directive aimed to reduce the level o f nitrates 
in those areas where the water is polluted and to prevent pollution moving into new areas. 
This requires Member States to introduce a code of good agricultural practice; designate 
high-nitrates area as Nitrate Vulnerable Zones; and to establish action programmes in 
those areas.
The Titanium Dioxide Directive (78/176/EEC) aimed to progressively reduce and 
ultimately eliminate pollution caused by the TiOz industry. TiOz pigments are produced 
by two processes: the sulphate or chloride process. The chloride process involves reacting
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titanium ores with chlorine gas and the sulphate process involves the use o f sulphuric 
acid. The waste from these processes, under the terms o f this Directive, have to be 
disposed o f in a manner which is not hazardous to human health or the wider 
environment.
3. Product Directives
The EU Product Directives relate to:
• The Detergent Directive (73/404/EEC)
This requires a certain level o f biodegi adability before the active ingredient o f the 
detergent can be marketed.
• The Council Directive (76/769/EEC) and (79/117/EEC)
These restrict the type o f substances that may be used in products.
• The Drinking Water Directive (80/778/EEC)
This relates to the quality o f water intended for human consumption. This lays 
down standards for different parameters that must be met for the water to be fit 
for public supply.
4. Individual Substances Directives
The Dangerous Substances Directive (76/464/EEC) requires Member States to eliminate 
so called List I substances and reduce List II substance pollution in the aquatic 
environment. Discharges have to be authorised and are subject to specific emissions 
standards, which are laid down on the basis of toxicity, persistence and the 
bioaccumulation o f the substance within the environment. There have been two major 
daughter Directives amending the details o f 76/464/EEC. Dangerous Substances 
Directive (86/280/EEC) set specific limit values for discharges according to the type of 
industiy and the quality objectives o f the receiving waters. This Directive also sets out 
methods for measurement o f the listed substances. Dangerous Substances Directive 
(91/415/EEC) amends the Annex to Directive 80/280/EEC on the limit values and the 
quality objectives for the discharge o f certain dangerous substances in List 1. There has 
also been four daughter Directives on the discharge o f List I substances:
•  Mercury from the Chlor-Alkali Industry Directive (82/176/EEC)
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•  Cadmium Directive (83/513/EEC)
• Mercury from Other Industrial Sectors Directive (84/156/EEC)
•  Hexachlorocyclohexane Directive (84/49/EEC)
5. Water Framework Directive (2000/60/EC)
The Water Framework Directive applies to all water in the natural environment. This 
Directive set out to simplify the legislation for the protection o f bodies of water by 
providing a clear framework under which bodies o f water can be managed by the 
Member States. The Directive repeals and replaces a number o f older EU water 
Directives and incorporates the remaining existing Directives (Bathing Water, Nitrates 
and Urban Waste Water Treatment Directives) into its framework tluough use o f  
protected areas provisions. The basic objectives to be achieved by this Directive are to:
•  prevent deterioration in the status o f surface water bodies;
•  protect, enhance and restore all bodies o f surface water with the aim of achieving 
good surface water status by 2015;
• prevent deterioration in the status of groundwater bodies;
•  protect, enhance and restore all bodies o f gr oundwater with the aim of achieving 
good groundwater status by 2015;
•  prevent or limit the input o f pollutants to groundwater and reverse any significant 
and sustained upward trend in the concentration o f pollutants in gr oundwater;
•  comply with European-wide measures against priority and priority hazardous 
substances, and
•  achieve compliance with any relevant standards and objectives for protected 
areas.
There is flexibility for EU Member States to take account o f social, economic or wider 
environmental considerations by applying other objectives where it would be unfeasible 
or disproportionately expensive to achieve the basic objectives o f the Directive. The 
Directive requires Member States to put in place a system for managing their water 
environments, based on natural river basin distiicts and the system must be underpinned 
by extensive environmental monitoring and scientific investigation.
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Current wastewater treatment is a multi-stage process that aims to remove organic matter, 
solids, nutrients, disease-causing organisms and other pollutants. The stages include the 
preliminary treatment, the primary and secondary treatment stages with the option of 
advanced treatment o f the wastewater at the secondary stage. The wastewater then goes 
through the final treatment stage before discharge. Preliminary treatment is the screening 
out (separation) o f debris that could potentially damage any equipment in further stages 
of the treatment plant. Primary treatment separ ates suspended solids and greases from the 
wastewater. The wastewater is held in a Primary Settlement tank for several hours. The 
sediment is drawn off the bottom o f the tank whilst the gr eases are skimmed off the top. 
The water is then passed on for Secondary Treatment. Secondary treatment is a biological 
process to removal organic matter from the wastewater. Sewage micro-organisms are 
cultivated and added to the wastewater as a biologically activated sludge. As the micro­
organisms consume organic mater and nutrients from the wastewater they grow in 
number. After a few hours o f growth, the micro-organisms are settled out as sludge in the 
Final Settlement tanks. A portion of the resulting sludge is used as a ‘seed’ for the next 
batch of incoming wastewater the remainder is removed as waste. Examples of 
suspended film systems include activated sludge, extended aeration, oxidation ditch, and 
sequential batch reactor systems. Final treatment focuses on the sterilisation o f the 
wastewater to kill germs (e.g. giardia and e-coli). Sterilisation is achieved either by 
chlorination or by the uses o f ultraviolet light. Chlorination can be achieved by the 
addition of chlorine, chloroamine or chlorine dioxide. High levels o f  chlorine are harmful 
to aquatic life and the chlorine needs to be neutralised before discharge. Ultraviolet lamps 
consume significant amounts o f energy and can be expensive to operate. Although the 
secondary treatment removes most organic compounds from the water supply, there are 
still a significant number o f organic compounds which are resistant to conventional 
wastewater treatment and pass through secondary treatment. As organic molecules in 
solution enter the chlorination process, disinfection by-products are formed. Common 
products such as trihalomethanes, haloacetic acids and these can increase the risk of 
cancer and have a significant environmental impact.
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Fig. 1.1b. This is a Schematic of Crossness Sewage Treatment Works  ^ in the London 
Borough of Bexley, one o f largest Sewage Treatment Works in Europe having a 
catchment area o f 240km^.
1.1.1. Alternative Treatment Processes
There are many alternative water treatment technologies, some of which are available for 
large scale application, while some are still under development. This section will briefly 
review a few of these technologies, starting with the use of ozone or hydrogen peroxide. 
Some have already been applied in the treatment of water and will be followed by 
advanced oxidation processes that are still relatively early in the development process.
1.1.1.1 Ozone Treatment
In many countries ozone is widely used in water treatment. It improves taste and odour, 
colour qualities, disinfects and/or enhances the biodegradability characteristics. In the 
case o f industrial wastewater treatment, ozone can be applied for the oxidation of specific 
compounds. However, it is primarily used in sterilization of wastewaters and is effective
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against a wide range o f micro-organisms and has proved especially effective against 
viruses' .^ Ozone is also capable o f degrading the majority o f organic compounds present 
in wastewaters given a high enough ozone dosage and a suitably long contact time. The 
economic limitations on the use o f ozone make it unlikely that organic compounds are 
completely degraded by ozone treatment. This has lead to concern over the presence o f  
intermediate by-products that may be of toxicological significance.
The rate of ozonation o f pollutants can vary greatly which can mean that, due to the 
relatively short ozone treatment time, pollutants will be either highly reactive or highly 
inert when classified for practical water treatment ozonation. For example the oxidation 
o f polychlorinated biphenyls has very low rate constants with molecular ozone^, whereas 
Trapido et. al.  ^ found the ozonation o f seven polyaromatic hydrocarbons was highly 
effective.
Another major limitation o f the ozonation process is the high cost o f ozone generation 
coupled with the short half-life o f ozone. Thus, ozone needs to be generated on site. The 
efficiency o f ozonation is severely dependent on the efficient gas-liquid mass transfer, 
which is quite difficult to achieve due to the low solubility o f ozone in aqueous solutions.
The selection of ozone treatment for a specific water source, be it wastewaters or potable 
water for human consumption, will be highly dependent on the overall composition o f the 
water to be treated. The economic requirement for a short treatment time and the need to 
minimise both the concentration o f the pollutants initially in the source water and the 
concentiation of secondary pollutants by the ozonation process will limit the number o f  
ozone applications. Total mineralization o f organics is rare for ozone treatments, as some 
pollutants resist oxidation and oxidation resistant by-products are often formed during 
ozonation^.
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1.1.1.2 Hydrogen Peroxide Treatment
Hydrogen peroxide has been used as an oxidant for the treatment of industrial 
wastewater^. It yields no noxious or polluting by-products and in fact increases the 
amount o f dissolved oxygen, which stimulates the giowth o f aerobic micro-organisms. 
This increase in the amount o f dissolved oxygen can also enhance overloaded biological 
treatment systems. The rapid dispersion o f H2O2 into the wastewater is critical, because 
o f catalytic decomposition o f H2O2 would be wasteful. Catalysts for the decomposition of 
H2O2 are present in almost every waste stream; these species compete with the pollutants 
to react with the H2O2. A major problem encountered with the application o f hydrogen 
peroxide alone, as found with all chemical oxidants, is the very low rate o f degradation in 
applications involving complex mixtures o f pollutants.
Hydrogen peroxide treatment is useful for the enhancement o f biological wastewater 
treatment systems, increasing the amount of dissolved oxygen and (in some cases) 
directly degrading some pollutants. The use o f H2O2 alone is only suitable for extremely 
simple wastewater streams. Since this is not the case in the vast majority of systems, 
H2O2 application alone is not often feasible.
1.1.2 Advanced Oxidation Processes
Advanced oxidation processes are for the most part still at the prototype/laboratory stage. 
However, these processes have the potential to dramatically improve upon the 
performance o f conventional wastewater treatment systems. Three examples of advanced 
oxidation process are now discussed briefly.
1.1.2.1 Cavitation
Ultrasound is defined as any sound frequency above which the human ear has no 
response. In practice there are three ranges o f ultrasound frequency defined by the uses 
for each range. The first is high frequency, or diagnostic ultrasound (2-lOMHz). The 
second range is low fr equency or conventional power ultrasound (20-100kHz). The third
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range is medium frequency or “sonochemical” ulfrasound (300-1000kHz)^, It is at the 
medium frequencies that chemical reactions are catalysed by extieme temperatures and 
pressures generated by the formation, growth and collapse o f cavitation bubbles in 
liquids. Application o f an acoustic field to a liquid can lead to the fluid braking apart to 
form cavities made o f vapour and gas-filled microbubles^®’^ '. The phenomenon is called 
“acoustic cavitation” and consists o f at least three distinct stages: nucléation, bubble 
growth and implosive collapse^^. During the collapse stage, the temperatures and 
pressures released are in such extremes that the entrapped gases undergo molecular 
fragmentation. The destiuction/oxidation o f pollutants by cavitation can occur by two 
mechanisms: first the generation o f highly reactive hydroxyl radicals by the collapse o f  
the micro-bubbles and the subsequent formation of hydrogen peroxide and secondly the 
pyrolysis o f pollutants caused by the energy release as the micro-bubbles collapse.
Studies have been conducted on the sonochemical degradation o f pollutants including 
benzene and toluene'^, phenol^ "*^ ,^ nitrophenol^^ chlorophenol^^ and surfactants^ .^ 
Although these studies have been carried out, the technology for cavitation for water 
treatment applications is still at an early stage o f  development and much more research is 
required. Overall it can be said that cavitation offers an alternative for the degradation o f  
chemicals in wastewater treatment, where the majority o f conventional techniques fail to 
give substantial conversions.
1.1.2.2 Photocatalysis
Photo-activated chemical reactions involve the interaction of a photon with a chemical 
species in order to generate free radicals. These radicals can be easily produced from 
oxidising compounds such as H2O2 or O3 with the use of ultraviolet radiation. An 
alterative method for generating free radicals is to use a semiconductor (e.g. Ti0 2 ) as a 
photocatalyst. Besides the photocatalysts commonly investigated (Ti02  and ZnO) other 
photocatalysts investigated include: Ce0 2 ^^ , CdS^  ^ and ZnS^ '^ \^ The best photocatalytic 
performance and quantum yield has been exclusively found with Ti0 2  ^Titanium dioxide 
is a wide band gap semiconductor and, when illuminated with UV light in the presence o f
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molecular oxygen and water, it generates highly oxidising species, such as hydroxyl 
radicals, either at or on its surface.
Titanium dioxide photocatalysts operate efficiently at room temperature and pressure and 
can make use of natural resources (e.g. sunlight) as the radiation source in order to cut 
down on cost o f operation. The system is applicable at low concentiations and in the case 
of many organic pollutants, including many halogenated organic compounds, total 
mineralization is achieved (i.e. the products formed are CO2 and H2O).
Photocatalytic reaction rates are usually slow when compared to the rate o f reaction for 
chemical oxidants, so there is a need for a large active surface area. In the case o f  
supported reactors, where a thin coating o f the catalyst is applied to the surface o f the 
reactor, the active surface area is limited by the reactor design. This in turn increases the 
time required to achieve high levels o f conversion to hours or even days when compared 
to other chemical oxidation methods (e.g. ozonation). However, this method of 
wastewater treatment is much faster than biological methods currently used in the 
majority o f wastewater treatment plants. In suspension, the active surface area o f catalyst 
is much gieater, but ultia-fine separation o f the catalyst is inconvenient, time consuming 
and an expensive process. The blockage of incident light by catalyst particles will limit 
the penetration o f the light source into the reactant mix; this has major consequences for 
large scale application o f suspensions in wastewater treatment. Thus, efforts are required 
for production o f supported photocatalysts that yield a high active surface area, whilst 
still offering good stability.
1.1.2.3 Fenton's Reagent
H.J.H Fenton reported^  ^ that the oxidation of organic acids by HzOz was strongly 
promoted by the presence o f an Fe^  ^salt. Fenton’s reagent was subsequently found to be 
an effective oxidant for a wide variety of organic and inorganic molecules. The actual 
oxidant was proposed to be the hydroxyl radical (HO*)^ .^ More recently the nature o f the
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oxidant in Fenton’s chemistry has been chaUenged^ "^ ’^  ^ and is now the subject o f some 
discussion^ "*’^ .^
The Fenton system described by Haber and Weiss^  ^ involves the generation o f hydroxyl 
radicals from reaction o f H2O2 with Fe^  ^in solution. The hydroxyl radical can then go on 
to react with any nearby organic species to form water and a carbon centred radical:
+ H2O2  ► rFe(OH)f + + HO* ■ —  ■ » H2O + R*
The carbon centred radical, R*, can then dimerise to foiin R2, react with a second HO* to 
form ROH or couple with O2 to form ROO*. Subsequent radical attacks on the pollutants 
may eventually lead to complete mineralization o f the pollutants.
Sawyer^ "^  and Bossmann^  ^ challenged the free radical mechanism with experimental 
evidence o f complexes o f Fe'^  ^ and H2O2. Bossmaiin’s work on the oxidation o f PVA 
using the Fenton process discovered evidence for the supermolecule Fe(III)/(II)-PVA and 
no low molecular weight intermediates were detected during oxidation^ .^ Spin trapping 
experiments on the other hand have shown that free radicals exist in both the Fenton and 
photo-Fenton processes^^. Dunfrird^  ^ claims that the reaction proposed by Haber and 
Weiss^  ^ does not occur, citing the fact that Fenton reagents do not react with methane, 
whereas hydroxyl radicals readily attack it. Work on supporting evidence for a radical 
mechanism and the Fe^ ^^ -HzOz mechanism is still being canied out^ ’^^ ,^ indicating that the 
controversy over the mechanisms behind Fenton chemistry will continue for some time.
The use o f Fenton chemistiy in the treatment o f wastewater on a large scale has a couple 
of drawbacks. The first being the demand for large amounts o f Fe^ "*" salts in the 
application of this technology and the associated costs with purchase and recovery o f the 
Fe^ "^  salts. The second drawback comes from the rate of iron reduction in situ. The rate at 
which iron changes from the +3 to +2 oxidation state is the limiting step and severely 
limits the rate of oxidation o f organic species in wastewater^^'^\ This second limitation 
can be overcome by the use o f photons in the photo-Fenton process^ .^
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1.1.3 Hybrid Systems
As shown above many o f the process that are available for future wastewater treatment 
have limitations; high costs, by-products o f environmental concern, or a slow rate o f  
degradation o f organic in real wastewaters. In order to overcome the limitations of the 
individual processes the techniques can be coupled or hybridised. The strength of one 
technology can be used to compliment the technology it is coupled with and vice versa, 
the resulting increase in pollutant removal efficiency will reduce the cost o f application. 
The combination of an adsorbent and a photocatalyst is discussed in detail in section 1.5.
1.2. Nonylphenol and Nonylphenol Ethoxylates:
Possible Endocrine Disrupters
The removal of alkylphenol ethoxylates from water (i.e. nonylphenol ethoxylate) was to 
be the focus o f this research. Alkylphenol ethoxylates (APE) are non-ionic surfactants.
The term ‘surfactant’ is a blend o f ‘surface active agent’. They are molecules that are 
used to reduce the surface and interfacial tension o f water. Surfactants are amphiphilic 
molecules, meaning they contain both hydrophobic gi'oups (their tail-groups) and 
hydrophilic groups (their head-gioups). These molecules adsorb at interfaces (liquid-gas, 
liquid-liquid or liquid-solid) and arrange themselves, with their hydrophilic head-groups 
on the water side o f the interface and the hydrophobic tail-groups on the other side of the 
interface and thus increase the wetting and decreases the tension at these interfaces. 
Surfactant molecules can cluster together as micelles, which are colloid-sized clusters o f  
molecules. When micelles form in water, their hydrophobic tails congiegate to form a 
core and their hydrophilic heads form an outer shell that maintains favorable contact with 
water. The hydrophobic core of the micelle can encapulate an oil droplet and the head- 
goups form an protective outer hydrophilic shell. Micelles only form above the critical 
micelle concentration (CMC). The CMC is detected by noting a discontinuity in physical 
properties o f the surfactant solution, particularly the molar conductivity. Micelles are
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important in industry and biology for their solubilising function: oils can be transported 
by water after they have been ‘dissolved’ in their hydrophobic cores. Surfactants are 
often classified into four primary groups; anionic, cationic, non-ionic, and zwitterionic.
The main use o f APE is in detergent formulations for both industrial and domestic use. 
Nonylphenol ethoxylates (NPEO) have been largely phased out from domestic use in 
Europe. However, due to their suitability for liquid detergents, their domestic use has 
increased in the USA. NPEO are also used as wetting agents and as dispersants or 
emulsifiers and in some pesticide formulations. NPEO production accounts for some 
80% of all APE production with octylphenol ethoxylates making up most o f the 
remaining 20%.
The 1, 4-nonylphenol ethoxylate used in this project has an average ethoxylate chain 
length of five units, n~5. The nonylphenol ethoxylate is manufactured by the addition of 
ethylene oxide to nonylphenol. This process yields a spread or Poisson distribution of 
ethoxylate chain lengths o f which only the average can be controlled.
Fig. 1.2a. 1, 4-nonylphenol ethoxylate
Nonylphenol (NP) and nonylphenol ethoxylates have been shown to mimic the action o f  
the female hormone oestrogen^ '^^ .^ The first evidence that /?urra-alkylphenols may be 
estrogenic was published in 1938, when Dodds and Lawson^  ^ reported that 4- 
propylphenol and 4-tert-pentylphenol mimicked the effect o f oestradiol in rats. Further 
evidence was reported in 1978 indicating that various alkylphenols can displace 
oestradiol ftom its receptor, and also prevent oestradiol bonding the receptor^ .^ The 
oestrogenic effects of 4-nonylphenol were found by accident by Soto et in 1991. 
They discovered that 4-nonylphenol leaching out ftom centrifiige tubes (where NP is
Chapter I: General Introduction 16
added to improve the resistance to breakage) caused cell proliferation in oestrogen 
sensitive MCF? human breast tissue cells. Jobling and Sumpter then went on to show that 
alkylphenol ethoxylates and some metabolites of alkylphenol ethoxylates have an 
oestrogenic effect^ .^
Table. 1.2. Oestrogenic potencies o f various compounds, defined by the effective dose
" ^  /T ^T \ \35
Compound Mean ED50 Relative Potency
17P“Oestradiol l.SlnM 1.0000000
4-Nonylphenol 16.15tiM 0.0000090
4-t-Butylphenol 2.06pM 0.0001600
4-t-Octylphenol 2.11pM 0.0000370
Nonylphenol diethoxylate (NP2E0) 17.27p m 0.0000060
NP9EO 82.3 IpM 0.0000002
Nonylphenoxy carboxylic acid 15.25pM 0,0000063
Alkylphenols have oestrogen-mimicking properties. Because the oestradiol receptor is 
rather promiscuous, a large number o f molecules can bind to the receptor. However, 
alkylphenols do not only bind the oestradiol receptor, they are able to compete with 
oestradiol for its binder sites and either partially or fully activate the receptor. Concerns 
have focused on the potential for NP and NPEO to cause féminisation in wildlife, such as 
fish exposed to NP- and NPEO-contaminated effluents, as well as them being a potential 
factor in the increasing incidence o f reproductive organ disorders and decreasing sperm 
counts in men. Whereas NPEO is reasonably degradable, its breakdown product, NP, is 
more persistent.
The oestrogenic effect o f the alkylphenols is small in comparison with oestradiol, but 
when you consider the effects of oestiadiol and that the alkylphenols are likely to be 
cumulative, the need for control o f levels o f alkylphenols which come into contact with 
the environment is self evident.
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The aerobic bio-degradation of nonylphenol ethoxylates in biological water treatment 
plants begins at the ethoxylate (EO) chain which leads to the formation of more toxic 
shorter ethoxylate chain length nonylphenol ethoxylates which in turn are more resistant 
to biological degradation^ .^ As seen in Table 1.2, the shorter EO chained nonylphenol 
ethoxylates are more oestrogenic than the longer chained ethoxylates. Indeed the effluent 
from water treatment plants have been found to be more oestrogenic than the inlet 
water^ .^ The shorter EO chain NPEO are also less water soluble and can accumulate in 
sewage sludge (which is subsequently spread onto agricultural land) and other interfaces. 
Therefore, they can be retained in the environment for long after the phasing out ftom 
use.
As short-chained NPEO are produced by conventional water treatment systems, 
alternatives are required to remove these endocrine disrupters from industrial and 
domestic wastewaters. The next sections introduce the water treatment technologies that 
are studied in this thesis.
1.3. Adsorbents and Adsorption from Aqueous Solution
1.3.1. Introduction to Adsorption
There are many adsorbents available for use in the purification o f water (e.g. activated 
carbons, porous clay minerals, silica gel, activated alumina, and zeolites). These 
adsorbents all have a porous structure and thus a high internal surface area. The process 
of adsorption is exothermic. This can be explained by simple thermodynamics. 
Adsorption is a spontaneous process and thus AG < 0, and furthermore there must be a 
decrease in entropy as upon adsorption from solution onto a solid surface a molecule will 
lose at least one degiee o f freedom. It follows from the expression:
AG = A H -T A S
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that èJI  also decreases. It also follows that the adsoiption o f the solvent in which the 
pollutant resides (the solvent may be water or any common organic solvent, indeed the 
solvent may be air for removal o f pollutants from the atmosphere or a gas stream) is also 
exothermic. Pollutants are in competition with the solvent water (as well as each other) 
for the active sites on the adsorbent surface. As solvent is usually in a great excess when 
compared to any pollutant, the pollutants must be preferentially adsorbed onto the 
adsorbent surface.
Two broad classes of interaction are distinguished by the terms "chemical" and 
"physical", the former referring to those cases wherein some o f  the electrons o f the two 
participants have become shared, with the consequent formation o f a chemical bond, a 
process known as chemisorption. Chemisorption forces are of very short range, and are 
usually associated with the relatively large adsorption enthalpy of >40 kJ m ol'\ Some of 
the more important types o f physical interactions (physisorption), listed approximately in 
order o f decreasing energy, are: ion-ion, ion-dipole, dipole-dipole, ion-induced dipole, 
induced dipole-induced dipole (also known as London dispersion forces), etc. The 
physical interactions not involving ions are often grouped together under the term van der 
Waals forces, and they generally have adsorption enthalpies o f <40 kJ mol'^ The long- 
range ion-ion interactions are mainly responsible for the stability o f ionic crystals, and 
thus may have energies comparable with those o f chemical bonds.
1.3.2. Adsorbents
The selection of an adsorbent for a specific water treatment application is dependent on 
the adsorption capacity o f the adsorbent for the pollutants to be removed from the 
aqueous phase, the rate o f adsorption, the stability o f the adsorbent, under the conditions 
of the application and the cost o f  the adsorbent. The adsorbents capacity for a particular 
pollutant is dependent on the surface area and the surface chemistry o f the adsorbent. 
From the list o f adsorbents above, it can be seen that there is a wide range in the chemical 
properties o f the different adsorbents. Activated carbons have principally two types of 
adsorption site: (i) graphene basal planes and (ii) the acidic oxygen containing functional 
groups at the edge of the graphene basal planes. Silica on the other hand is limited to
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silanol functional groups. Although two types o f silanol groups have been revealed by 
the nature of interaction between adsorbates and the two types of functional 
groups is thought to be the same. The surface area and indeed the rate o f adsorption onto 
the adsorbent is highly dependent on the porous nature of the adsorbent. A high surface 
area is usually obtained by the development of a narrow porous network within the 
particles o f the adsorbent, but this approach, although increasing the adsorbent capacity, 
will result in rather slow kinetics o f adsorption. The opposite o f this statement is also 
true, an adsorbent with much larger pores and thus fast kinetics o f adsorption will have a 
much lower surface area and resulting adsorption capacity. In order to obtain the best 
result a larger spread in the pore sizes with the adsorbent particles is required. The pores 
with a larger diameter allow for rapid mass transport within the adsorbent particles and 
the narrower pores give the lar ge adsorbent capacity required.
Cost is often the overriding factor for large scale application o f adsorbents. A large 
adsorption capacity and the ability to ‘regenerate’ the adsorbent to allow repeated use of 
the same material are definite advantages in consideration o f the overall cost.
1.3.3. Activated Carbon
There are many allotiopes o f carbon both crystalline and non-crystalline. There are at 
least six crystalline forms: a-(hexagonal) and (3-(rhombohedral) graphite, diamond, 
Lonsdaleite (hexagonal diamond), chaoite (a white form o f carbon that is also known as 
Reis crater carbon), and carbon(VI). Chaoite and carbon(VI) both appear to have a 
carbyne-type structure (-C=C-)n. They can be formed when graphitic carbons are either 
resistively or radiatively heated at -2573 K under reduced pressure. It now appears 
possible that there is a sequence o f at least six stable carbyne allotropes in the region 
between stable graphite and the mp o f carbon. In addition to these allotropes there are 
also the well know fullerenes, a term that can be used to describe structures including 
buckminsterfullerenes, carbon nanotubes and carbon nanobuds. These structures are still 
under intensive study and their unique properties make them potentially useful in a wide 
variety of applications (e.g. phaimaceuticals, nano-electronics, optics, materials, etc...).
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There is also a range o f amorphous carbons. They are glassy materials, in which some 
short-ranged order can be observed but there is no long range order and they find a wide 
range o f industiial applications. Carbon black, a product o f the incomplete combustion of 
petroleum products, is produced in vast quantities. Current worldwide production is over
8.1 million tons"^ °, and as such it is in the top 50 industrial chemical produced worldwide. 
Over 90% of all carbon black produced is used as an additive in rubber production as a 
pigment and a reinforcing phase. The balance is used as a pigment for inks. Diamond-like 
carbon (DLC) is an amorphous carbon that displays some o f the properties o f diamond. 
The desirable properties o f DLC are hardness, wear resistance and a low coefficient o f  
friction. DLC is applied as a coating and so can impart these qualities to the surface of 
almost any material. Several methods have been developed for producing DLC films: ion 
beam deposition of carbon ions, physical vapour deposition or sputter deposition, and 
plasma assisted chemical vapour deposition using RF plasma sustained in hydrocarbon 
gases onto a negatively biased substrate.
The use o f charcoals and activated carbons (AC) in water treatment is probably one o f the 
oldest chemical technologies, and a vast literature has accumulated on this subject'*^ '^ .^ 
Activated carbon is a high surface area adsorbent, with a surface area in the region o f  
600-1200 m^  g '\ It is often used in wastewater treatment to remove pollutants from the 
wastewater stream. The use of activated carbons is on the increase. The use of AC in the 
US is currently increasing by over 6% annually. The primary use o f AC is in the 
polishing step o f conventional drinking water treatment. However, a general deterioration 
in the quality o f water supplies has created a situation where AC is no longer used simply 
to improve taste, odour and colour characteristics, but to also remove contaminants that 
are considered to be hazardous to health. The use o f granular activated carbon (GAC) is 
considered to be the best currently available technology for removing low solubility 
contaminants {e.g. trihalomethanes, detergents, pesticides, herbicides, polyaromatic 
hydrocarbons and some trace metals). Amendments to the Safe Drinking Water Act (US 
1974, amended in 1996) state that other treatment technologies must be at least as 
effective as GAC, before they are put into use. Despite the high level o f performance of
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GAC in water purification, the routine use o f activated carbon is generally avoided as 
much as possible, due to its high costs o f application.
Activated carbon is formed by the carbonisation o f a high carbon content material 
subsequently followed by either a chemical or physical activation. The available starting 
materials include wood and coal (that are cheap and readily available), food industry 
waste products (e.g. coconut shells or olive stones) and polymeric resins (that offer 
unparalleled purity and definition o f chemical and physical properties). The starting 
material is then carbonised in an inert atmosphere yielding a low surface area inactive 
carbon. The aim of activation is too open-up the porous network o f the carbon and to 
dramatically increase the surface area. The activation can be carried out by, an activation 
gas or a chemical activation agent. Activation gases include: air, steam and carbon 
dioxide; the activation o f the carbon is carried out by heating it to the desired temperature 
in the presence of the activating gas. Chemical activation agents include: zinc chloride, 
potassium sulphide, phosphoric and sulphuric acids. The chemical activation agent is 
combined with the starting material, to form a plastic material that is then carbonised in 
an inert atmosphere. The activation process takes place during the carbonisation process. 
The activated product is cooled and the activation agent is then removed.
The key features for any activated carbon are its surface area, pore size distribution and 
the surface chemistry. The total surface area is a major factor in the determination of total 
uptake of any pollutant. The pore size disti-ibution will determine the kinetics o f 
adsorption. The chemical surface o f the carbon will determine the selectivity of the 
carbon for any particular pollutant. The method o f activation has a significant effect on 
the properties o f the resulting carbon. Physical activation using a gas (e.g. air, steam or 
CO2 at a high temperature) will yield a different pore size distribution and chemical 
surface depending on the gas is chosen.
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Macropores
Micropores
Mesopores
Fig. 1.3.3. Schematic o f a porous activated carbon particle. Micropores have a diameter 
of < 2 nm, the mesopores are between 2 and 50 nm and macropores are > 50 nm in 
diameter.
Air activation will mostly develop larger macropores and oxidise the carbon surface, 
leaving behind laiger amounts o f oxygen containing functional groups (e.g. hydroxyl, 
carbonyl, carboxylic, lactone groups, etc). Carbon dioxide activation results a much more 
evenly developed pore structure, developing the micro-, meso- and macro-porous 
structure. The chemical stiucture o f the carbon surface is dominated by the 
microcrystalline giaphitic structure with little oxygen present.
1,3.4. Surface Chemistry of Activated Carbon
The surface chemistry o f AC is extiemely complex, with virtually every carbon 
containing functional group o f organic chemistry having been discovered on its surface'^ .^ 
Characterisation o f the surface functional gi'oups, however, has been extremely difficult; 
the large variety of functional gi'oups coupled with the low density o f functional groups 
on the carbon surface has required the development of extremely high sensitivity 
analytical techniques.
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The most commonly reported fimctional groups detected on the surface of carbons are: 
carboxyiic acid, lactone, phenolic, carboxyl and ester groups (examples of which are 
shown in Fig. 1.3.4a.). Several techniques have been applied to determine the nature of 
tlinctionai groups on the surface o f carbons.
The H and L classification scheme, discussed by Mattson and Mark"^ ,^ is a method of 
chai'acterising the surface chemistry o f AGs, which have been activated and oxidised at 
different temperatures with inorganic acids. Those carbons that have bee oxidised at low 
temperatures, primarily ‘adsorb" the hydroxide ion and are classified as L carbons, t hose 
carbons that have been activated at high temperatures and primarily ‘adsorb’ acids are 
classified as H carbons, t hese classifications have been found to naturally divide above 
and below an activation temperature of 773-873 K. On long exposure to air the L- 
behaviour is generally expected to increase, this atmospheric ageing increases the L- 
chaiacteristics in a relative manner; ageing does not decrease the amounts o f surface 
oxides which constitute the H-behaviour, but more oxygen is fixed on the carbon surface 
which will eventually result in a carbon with a net L-behaviour.
Thermal evolution of CO2 and CO from a caihon surface has been correlated to H and L 
carbon behaviour. Ihe respective temperatuies at which UU2 and CO gases are evolved 
coincide with the temperature ranges involved in the production of H and L carbons. It 
has been suggested"  ^ that the surface oxides evolved as CO2 are responsible for the 
properties observed for L carbons, and that the oxides evolved as CO are responsible for 
H carbon characteristics. L carbons exhibit a wide-range of acid-base interactions that 
result from a wide range o f relative acid strengths o f surface oxides. Boehm and 
coworkers"" have done a significant amount of work in this area, using bases of different 
strengths in an attempt to qualitatively identify and quantitatively measure the surface 
oxides which are present on L carbons.
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(b) (e)
Fig. 1.3.4a. Phenolic (a), carboxyl (b) and quinone-type carbonyl (c) fiinctional groups 
often suggested as being present on the surface o f an activated carbon (Figure adapted 
from Rei )^.
Boehm used multi-basic titrations o f the acidic functional gi'oups using bases of different 
strength in order to determine the concentration o f surface acidic functional groups based 
on their pKa. The four bases chosen by Boehm et al."^  ^ were NaHCOs, NaiCO], NaOH 
and NaOCaHs. The pKa values o f the conjugate acids of these four bases are 6.37 and 
10.25 for H2CO3 and HCO3”  respectively, and 15.74 and 20.58 for water and ethanol. It 
should be possible to titrate acidic functional groups with pKa values at least 2-3 units 
less than the conjugate acid o f the appropriate base. Thus, it is possible to titrate acidic 
surface oxides of pKa values less than ~ 4.4, ~  8.2, and ~ 10 in aqueous solutions, while 
using sodium ethoxide in ethanol solution, it is possible to titrate a surface acidic 
functional gioup of pKa less than ~ 19.
Specific chemical identification has also been applied to the surface functional groups of  
carbons. This has been met with mixed success. Méthylation reactions, with reagents 
such as diazomethane, have been used by Studebaker et to differentiate between 
surface carboxyl and phenol groups. Studebaker found that upon reacting a carbon black 
with diazomethane a portion o f the methoxy groups created could be readily hydrolysed 
with HCl, while the remainder were unaffected. Elemental analysis also indicated an 
uptake o f nitiogen after treatment with diazomethane. Studebaker attributed the 
hydrolysable methoxy content to esters formed with carboxyl groups, the non- 
hydrolysable methoxy content to ethers formed with phenolic hydroxyl groups, and the
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nitrogen uptake to the formation o f pyrozoiine rings with 1,4-quinone groups. A 
considerable o f the amount of surface oxygen, determined tfom elemental analysis, was 
found to be completely un-reactive to diazomethane. Tests for aldehydes and ketones, 
using reagents such as 2,4-dinitrophenyl hydrazine, were less successtuP".
Standard infrared (IR) techniques (absorption/transmission) do not have the sensitivity to 
determine the full range of functional groups on the surface of an activated carbon; in 
part because of the adsorption o f infrared radiation by the carbon but also due to the low 
surface concentration o f functional groups. Specialist IR spectroscopic techniques have 
been developed in order to study the surface o f carbons.
Initial efforts to obtain IR spectia o f carbons involved the preparation o f the samples in a 
supporting matrix; i.e. RBr or Nujol. Ihese samples were then analysis using 
transmission infrared techniques'^ .^ Transmission infrared spectroscopy proved to be 
inadequate for the identification o f the surface functional groups of carbons. This is a 
result of the strong scattering and strong adsorption of infrared by carbons resulting in 
poor resolution. Application o f internal reflection infrared techniques enables the incident 
radiation to interact with the particulate carbon sample without any measurable losses 
due to scattering. Therefore, it is possible to obtain IR of a carbon o f high contrast and 
the highest possible resolution using internal reflection spectioscopy. The chemical 
bonding nature of the surface functional groups present on carbon can then be examined.
The technique o f internal reflectance spectroscopy (1RS), sometimes referred to as 
attenuated total reflectance, provides a method of circumventing the scattering and 
absorption problems of transmission spectroscopy with respect to the study o f surface 
functional groups and adsorbed molecules on carbon surfaces. However, the bulk 
extinction coefficients o f carbons ai e so high that obtaining IR spectra without significant 
bulk adsorption is not feasible for normal internal reflectance techniques. In order to 
increase the sensitivity o f the internal reflectance technique for functional gioups on the 
surface of carbons, high electronic signal amplification is required. In spite of these 
difficulties the 1RS technique has been extremely successful in the identification of
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carbon surface functional groups. Several IR spectra have been discussed by Mattson and 
Mark'^ ;^ and along with the functional groups which have been identified by chemical 
means, the presence o f C-0 and C-O-C bonds is strongly suggested to be present from 
the IR spectra. The presence o f these functional gioups accounts for a large portion o f  
previously unaccounted for oxygen on the carbon surface.
The location o f fiinctional groups on the surface o f carbons was a subject o f some 
speculation before the work o f Hennig'^ ,^ who measured the amount of oxygen bound to 
the surface of a graphite crystal, by CO2 and CO evolution, both before and after cleaving 
the single crystal five times. The same amount o f surface oxygen before the cleaving of 
the crystal was observed after the crystal was cleaved. Cleaving the graphite crystal, of 
course, increased the surface area o f the graphite basal planes six times while keeping the 
surface area o f the basal plane edges constant. This single elegant experiment essentially 
answered the question over the location o f surface oxygen functional groups. As the 
amount of bound oxygen did not increase after the graphite crystal was cleaved, the 
oxygen had to be bound at the edges o f the graphite basal planes. While activated carbons 
are much more disordered than single crystals o f graphite on the macroscopic scale, on a 
microscopic scale activated carbons are quite similar to graphite as activated carbons are 
made up o f small microcrystallites with a graphite-like stiucture.
1.3.5 Adsorption from Aqueous Solution
By far the most studied system in the adsorption of an organic molecule from aqueous 
solution by an activated carbon is the adsorption o f phenol'^ .^ The adsorption o f phenol is 
also discussed in more detail in Chapter III, with specific attention paid to the mode and 
the kinetics o f adsorption.
Adsorption from a solution is generally more complex than adsorption fiom the gas 
phase. The case o f adsorption fiom aqueous solution is especially so. The adsorption of 
an organic molecule fiom aqueous solution by AC often involves a net enthalpy change 
with a value that is between the ranges normally associated with chemisorption and
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physical adsorption. The range of net enthalpies observed, 8-60 kJ mol'^ and so can be 
considered as weak-chemisorption'^^. However energies of adsorption which fall into this 
range cannot be classified as either physical adsorption or chemical adsorption based, on 
the energy of interaction alone. One o f the characteristics o f adsorption from the gas 
phase is that chemisorption results in the formation o f a monolayer or less, while physical 
adsorption may involve the formation o f multiple layers of the sorbate on the adsorbent 
surface. In adsorption fiom solution, the interaction o f the solute molecules with the 
solvent is usually significantly gieater than their interaction with each other, so that, after 
the formation o f a monolayer, multilayer adsorption does not take place, regardless o f the 
type of initial surface-sorbate interaction. One of the gieatest experimental difficulties 
experienced in most studies o f activated carbons with very highly developed porous 
structures is the understanding o f the problem of pore diffusion. Pore diffusion is quite 
often rate limiting, that is, the diffiision through the porous network is slower than the 
reaction between the carbon surface and the chemical species being adsorbed. Thus, the 
rate o f adsorption is limited by a diffusion activation baiTier and not the activation barrier 
associated with the adsorption o f the organic molecule.
As was discussed in section 1.3.4, an activated carbon surface is covered a gi*eat many 
different functional groups. The pH of an aqueous solution can have a dramatic affect on 
the chemistry o f the surface o f an activated chemistry and hence the extent o f adsorption 
o f any particular adsorbate.
Figure 1.3.5a shows the effect o f pH on the most common fiinctional groups on the 
surface of an activated carbon. In an acidic medium the basic functional groups become 
positively charged altering the overall surface charge of the carbon. Adsorbates which 
become positively charged under acidic conditions (e.g. aniline) are repulsed by the 
positively charged carbon surface, and a decrease in the surface coverage of aniline is 
obseiwed under acidic conditions'^ .^ In a basic medium the acidic surface functional 
gioups can become de-protonated, as shown in Fig. 1.3.5a., and give the carbon surface a 
negative overall charge. The adsorption phenol for example, is significantly affected by 
an increase in pH. At pH values o f 11 and above the surface o f the activated carbon
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acquires a significant negative charge and the phenol molecule is de-protonated. The 
repulsion between the phenolate anion and the negatively charged carbon surface can 
dramatically reduce the surface coverage o f phenol molecules'^*.
Carbon Surface
Acidic
medium
Basic
medium
ArOH
ArOArO
ArOH
ArO
A r
ArO
ArCOOH ArCOOArCOOH
Fig. 1.3.5a. Affect o f solution pH on the functional groups typically found on a carbon 
surface (adapted from Ref:'**).
The adsorption o f organic molecules from aqueous solution is a highly complex process 
with many variables that are still not fully understood and so the area still remains a 
highly active area of research.
1.4. Photocatalysis
The basic principals o f photocatalysts have been described in section 1.1.2.2. This section 
aims to provide more detail on the use o f semiconductor photocatalyst in the oxidation o f  
organic pollutants. Here the primary processes involved and the factors affecting the rate 
of oxidation will be discussed.
Titanium dioxide is found as three naturally occurring minerals: rutile, anatase and 
brookite. Anatase is the rarest of the naturally occurring forms of TiO] and rutile is the
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most common. On heating, brookite (-1023 K) and anatase (-1188 K) transform to the 
more thermodynamically stable rutile form. Anatase and rutile have the same symmetry, 
tetragonal, despite having different structures. In Rutile, the structure is based on 
octahedrons of titanium oxide that share two edges of the octahedron with other 
octahedrons and form chains. It is the chains themselves that are arranged into a four-fold 
symmetry. In anatase, the octahedrons share four edges hence the four fold axis. Brookite 
shares many o f the same properties as rutile such as colour and lustre and some properties 
are nearly the same such as hardness and density. However, brookite has an orthorhombic 
structure.
Fig. 1.4a. 3-D rutile tetrahedral structure made up o f parallel chains o f octahedrons
Titanium dioxide is the most widely used white pigment because o f its brightness and 
very high refractive index (w = 2.7), in which it is surpassed only by a few other 
materials. Approximately 4 million tonnes o f pigmentary TiO] are consumed annually 
worldwide. Ti02  is also a wide band-gap semiconductor.
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Fig. 1.4b. 3-D brookite structure
Fig. 1.4c. 3-D anatase structure where the TiOô octahedrons share four edges
The band structure o f a solid material is formed from molecular orbitals of a large 
number of atoms. The number of molecular orbitals is proportional to the number of
Chapter I: General Introduction 31
atoms; when the number of atoms brought together to form a solid exceed 10^  ^ the 
difference in energy between them becomes so small that the energy levels may be 
considered to form a continuous band rather than discrete energy levels found in atoms in 
isolation. At some intervals o f energy no orbitals will be present; in this case a gap will 
form between two bands that is known as a band gap. Bands have different widths, based 
upon the properties of the atomic orbitals from which they arise. Also, allowed bands 
may overlap, producing (for practical purposes) a single large band (see Fig. 1.4d). 
Metals contain a band that is partly empty and partly filled regardless o f temperature. 
Therefore they have very high electrical conductivity. The lowermost, almost fully 
occupied band in an insulator or semiconductor is called the valence band by analogy 
with the valence electrons of individual atoms. The uppermost, almost unoccupied band 
is called the conduction band because only when electrons are excited to the conduction 
band can current flow in these materials. The difference between insulators and 
semiconductors is only that the forbidden band-gap between the valence band and 
conduction band is larger in an insulator, so that fewer electrons are found there and the 
electrical conductivity is lower.
overlap
Conduction band
Femu level
metal
Bandgap
semiconductor insulator
Fig. 1.4d. the electronic band structure o f metals, semiconductors and insulators.
As has been previously stated, TiO: is a wide band-gap semiconductor. The rutile 
structure has a band gap o f 3.0 eV, which is generally considered at the point where a
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material will not be considered as a semicondutor but as an insulator, Anatase 710% has 
an even wider band-gap (3.2 eV) but due to the applications o f these materials as 
photocatalysts they are considered to be wide band-gap semiconductors.
Oxidation of Organics by Oxygen Photosensitised by T1O2
Semi-conductor particles can be applied to catalyse the oxidation of organic molecules by 
oxygen, following the general formula:
Organic Molecule + O2 semiconductor
hv>Eb„
CO2 + H2O 
+ Mineral Acids
The energetics and primary processes o f the photosensitised mineralisation of organic 
pollutants by oxygen may be demonstrated as follows:
T r  OH
Oxidised
Intermediate
T^+ OH^ *Organic
Pollutant
X
H2O
02*
O2
Oxidised
Intermediate
Organic
Pollutant
Fig. 1.4.1 a. Processes for the photosensitised oxidation o f an organic pollutant by 
dissolved oxygen in aqueous solution (adapted from Ref:
The role o f oxygen in the oxidation o f organic pollutants is still a subject of debated It 
may be that a chemical species formed fr om the reduction of oxygen (such as HO2*, 
HO2", H2O2 and HO*) plays a major role in the oxidation o f the organic pollutant. Initial 
work on the photosensitised oxidation o f organic pollutants was carried out by Ollis and 
co-workers^®, on the photomineralisation o f halogenated compounds. Since the work by
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Ollis in 1984 there have been over 200 different organic molecules studied. Lists of the 
molecules considered can be found elsewhere^
The semiconductor used for the photosensitised oxidation o f organic molecule must 
satisfy certain criteria in order for the semiconductor to be effective in these reactions. 
The semiconductor must be:
1. photoactive
2. able to utilise either visible or near-UV light
3. biologically and chemically inert
4. photostable
5. inexpensive
As was stated in section 1.1.2.2. the most commonly studied photocatalyst is titanium 
dioxide. TiOi satisfies the criteria 1-5 and is one o f the most active photocatalysts 
available. A standard source of TiOi is typically used to provide some kind of 
reproducibility between different research groups in the study of photosensitised 
oxidation of pollutants. Different sources o f TiOz show different photocatalytic activities 
under seemingly identical reaction conditions, these differences can generally be 
attributed to differences in morphology, crystal phase (ratio o f rutile to anatase), surface 
area and aggiegate size. Degussa P25 has become the standard generally used. Degussa 
P25 is produced from the flame hydrolysis o f TiC^, followed by the removal o f HCl with 
steam to produce a product with a purity o f greater than 99.5%. The TiOa produced 
typically has 75% anatase and 25% rutile crystal structure, although ratios anywhere 
between 70:30 and 80:20 have been reported ,^ and the dry powder has a BET surface 
area o f 50 ± 15 m^  g"\ The average particle size is 21 nm, however the particles exist as 
aggregates that have a typical diameter o f 0.1 pm.
In the modelling of the oxidation of organic pollutants with TiOz, Gerischer and Heller^  ^
indicate that the interfacial electron transfer process in the reduction o f oxygen is rate- 
limiting. To improve the kinetics o f this process, more catalytic sites must be placed on
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the surface of the T1O2 surface. Lewis and co-workers^^ developed a model based on their 
work with a rutile T102 single crystal anode. Three major carrier decay pathways were 
identified:
1. electron-hole recombination
2. reduction of oxygen by photogenerated electrons
3. hole-transfer to the organic pollutant, water, etc.
Electron-hole recombination was found to be significant, but all three processes are 
intimately related and none can be stated as the rate-determining process.
In general, the kinetics o f oxidation o f organic pollutants by oxygen, photosensitised by 
TiÛ2, fit a Langmuir-Hinshelwood kinetic scheme i.e.
R.. dt (1 + X (5')[4)
Where Ri = Initial rate o f removal
[S]i = Initial Concentration 
K(S) = Langmuir Adsorption Constant 
k(S) = Proportionality Constant
Several mechanistic schemes for photooxidation of organic pollutants have been 
developed based upon the Langmuir-Hinshelwood equation. Turchi and Ollis^  ^proposed 
four possible schemes involving OH* attack on an organic pollutant with the radical 
attack as the rate-deteimining step. These mechanistic schemes include the attack o f an 
OH* radical, that is adsorbed on the surface o f the semiconductor, on an adsorbed organic 
pollutant and the attack o f an adsorbed radical on a fiee organic species. Fox and co- 
workers^ "* suggested that many oxidation processes occur by a direct electron transfer 
from a variety of substrates to a hole in the valence band o f a photoexcited Ti02  powder.
Laser flash photolysis has been used to identify many o f the primary processes associated 
with reactions sensitised by Ti02. Tojo et used laser flash photolysis to probe the
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oxidation o f aromatic sulphides at different concentrations by colloidal TiOz. They 
observed the oxidation o f the aromatic sulphides both on the surface o f the titania and in 
free solution by OH*. At low substrate concentrations, the substrate was oxidised by free 
OH*, however at higher concentrations the oxidation o f the aromatic sulphides on the 
surface of the TiOz, either by valence band holes or surface bound OH*, was observed.
Langmuir-Hinshelwood type mechanistic schemes are generally only applicable to batch 
irradiation systems. Systems in which the solution o f organic pollutant flows over an 
immobilised semiconductor catalyst (as would be most applicable to a large scale 
application of this technology) the kinetic term k(S) shows some dependence on the flow 
rate^  ^ and so batch systems are used in the study o f fundamental kinetic parameters o f  
semiconductor-sensitised processes.
The rate o f photomineralisation of an organic pollutant is dependent on many factors. 
The nature of the photocatalyst is a key factor, le, the incident intensity of usable light 
and the concentration o f the Ti02  photocatalyst have a significant effect on the rate o f  
reaction. Other factors such as [O2], the nature and concentration of the organic pollutant, 
temperature, pH and the presence of interfering species. Semiconductor photocatalysts is 
not usually very sensitive to temperature or changes in pH. There is typically less than 
one order o f magnitude variation in Ri with a change in pH from 2 to 12"^ ,^ even though 
pH significantly affects the all oxide semiconductor particles in terms o f surface charge, 
size o f aggregates and the energies o f the valence and conduction bands. Interfering 
species such as chlorides, sulphates and phosphate ions can significantly reduce the rate 
of photomineralisation due to the competitive adsorption at the photoactive reaction 
sites^ .^
1.5. Adsorbent/Photocatalyst Composites
The phenomena o f adsorption from aqueous solution, and photocatalytic oxidation of 
organic molecules in solution has already been described above. This section considers
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the combination of both these methods of removal o f potentially harmful organic 
molecules from water into a single system. This was in an attempt to utilise the 
advantages o f both methods whilst minimising the disadvantages o f the utilisation of 
these technologies individually. The addition o f a fine particulate suspension o f a carbon 
adsorbent to a suspension o f the photocatalyst Ti02 was found by Matos et to
produce an enhancing effect in the photocatalytic degradation o f many organic molecules 
in solution. This has been labelled as a synergistic effect, i.e. the result o f the 
combination o f adsorbent with photocatalyst in the removal o f organic molecules fr om 
solution is greater than the sum o f the individual parts. However, prior to this, adsorbents 
had been used as supports for Ti0 2 , such as ceramics, zeolites and clays, in pollution 
photooxidation^. The use o f a support for Ti02 had been shown to enhance the rate o f  
photooxidation o f pollutants such as NOx^ ®, pyridine®  ^ propyzamide^^ and 
dichloromethane®  ^ amongst others. Matos et al.^  ^ described this effect as a result of the 
adsorbent acting as an efficient trap for the organic pollutant under study, mass transfer to 
the photocatalyst surface then occurs, where it is immediately photocatalytically 
degraded. This theory reflects the explanation given in earlier work by Torimoto et al.^  ^
on the photodegiadation o f propyzamide by Ti02/adsorbent systems, in which the 
mechanism of photodegradation is described by the adsorption o f the pollutant by the 
adsorbent followed by diffusion of the adsorbed pollutant across the surface to the 
adsorbent/Ti02 interface where the pollutant is photodegraded. In another possible 
explanation for the synergy effect, Li et suggested that activated carbon in contact 
with a Ti02  surface may prevent e'-h’’* pair recombination and as such enhance the 
photocatalytic activity of the Ti0 2 , but they gave no supporting evidence for this claim. 
Carbon-nanotubes (CNTs) on the other hand have been demonstrated to decrease the 
photoluminescence o f the Ti02  in Ti02 /CNT hybrids indicating that the rate o f e"-h^  pair 
recombination is diminished®  ^®®.
The synergy observed by Matos et indicates that permanent contact between the 
adsorbent and the photocatalyst is not required. To the author this indicates that a large 
factor in the rate o f photodegradation is the presence of the intermediate. Torimoto et 
alP" in the description o f the mechanism of photodegiadation on Ti02  and
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Ti02/adsorbent stated that intermediates o f the photodegradation process are found in 
solution in large quantities for the Ti02 system, whereas in the case o f the Ti02/adsorbent 
system the intermediates are adsorbed by the adsorbent. With the photodegradation 
intermediates in free solution competing for active sites on the surface o f the 
photocatalyst with the primary pollutant, the rate o f degi adation of the primary pollutant 
will decrease. Furthermore, the intermediates in the photodegiadation of the primaiy 
pollutant may be more stable to photodegradation and block active sites further 
decreasing the rate of photodegradation.
Since the discovery that a combination of suspensions o f photocatalyst and adsorbent 
display this synergy® ,^ there has been a flurry of publications describing the preparation 
and testing o f a variety of adsorbent/photocatalyst hybrids in order to utilise any 
synergistic effect produced with a combination o f the two systems in an attempt to 
produce a highly efficiency means o f removal o f organic pollutants from both water and 
air. Many adsorbents have been utilised for the production o f adsorbent/photocatalyst 
systems: carbons®^ '®^ '®^ "^ \ clays® ,^ ceramics®^ '^ ,^ zeolites® ,^ etc. However, carbons have 
been studied mostly in recent years as the adsorbent used in adsorbent/photocatalyst 
composites. There have been thiee main methods for the preparation of 
adsorbent/photocatalyst systems. The first method uses the carbon as a support for the 
photocatalyst and the carbons used include, granular activated carbon (GAC)®^ '^ '^^ \ 
carbon fibres and carbon fibre cloths^ ®'^ ,^ and carbon-nanotubes®®’®®’^ ® (although the 
electrical properties o f the CNTs are the main area of interest, rather than the adsorbent 
capabilities). The second method for the preparation of an adsorbent/photocatalyst system 
has been the use o f carbon as a coating for the photocatalyst particles. The coating has 
been canied out either through the thermal decomposition o f polymer coated onto the 
photocatalyst particle surface®'^ ’^ ®'^ '^ , or though the use of vapour techniques, such as 
chemical vapour deposition (CVD)® ’^®®. The third method is the preparation o f 
composites o f Ti02 and carbon. This can be carried out by the thermal decomposition of 
titanium containing molecules with large organic ligands, such as Ti(IV) oxyacetyl 
acetonate '^ ,^ in an inert atmosphere. This technique has rarely been used to produce 
composites, techniques such as the fonnation o f Ti02/polymer particles that are then
Chapter I: General Introduction 38
subjected to a carbonisation process are more commonly found in the literature for the 
production of composites^®. A major drawback for using this method for the preparation 
of Ti02 /C systems is the location o f the Ti02 within the composite. An even distribution 
of Ti0 2  throughout the composite material is wasteful, as only the portion o f Ti02  on or 
very close to the outer surface of the particles will be able to absorb incident photons.
The methods used for coating an adsorbent with Ti02 have mainly centred on the use o f  
sol-gel methods via the hydrolysis-polycondensation of titanium alkoxides®®'^  ^ (the sol- 
gel technique is discussed more fully in Chapter II), but the hydrothermal hydrolysis of  
TiOS0 4  has also received much attention recently^®’^ \ Sol-gel techniques in are 
widespread use for coating a wide range o f supports with metal oxides. The hydrolysis- 
polycondensation o f titanium alkoxides is an easy route to photoactive anatase Ti0 2 ^^ . 
The method does not require harsh conditions and coatings o f a wide range o f supports 
are easily formed^®. The hydrothermal hydrolysis o f Ti0 S04  on the other hand is carried 
out under much harsher conditions and support damage can occur^ ®. In the case of 
activated carbons or ceramics this damage is not to critical, but in the case of carbon 
nanotube supports, the damage caused is detrimental to the prepared T102/C particles. 
Another method for coating a carbon adsorbent surface with Ti02 is to bind Ti02 
particles to the adsorbent using a polymer binder^ ®. The polymer binder is then 
carbonised to yield the T102/C particles. This method allows the use of Ti02 particles 
with a known photoactivity that are well characterised for easy comparison with the 
literature, and this method removes this variable from the preparation o f photoactive 
Ti02 /C particles as the photoactivity of the TiÛ2 is known.
There are few photocatalysts available for the degradation of organics. This is reflected in 
the literature o f adsorbent/photocatalyst systems, where the vast majority of the work has 
been carried out using Ti02 as the photocatalyst. One o f the few exceptions includes the 
work by Bryrappa et on the combination o f ZnO with activated carbon in the 
photodegradation o f acid violet dye. An enhancement of the performance, of the 
photocatalyst may be observed by the presence o f an adsorbent support. There has been 
much work to red shift the absorption edge o f Ti02  deep into the visible region of the
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electromagnetic spectrum^ ’^^ ®, the combination o f highly stable photocatalysts with an 
absorption edge in the visible region with an adsorbent would result in gieat cost savings 
in the application o f this technology and much work needs to be carried out to determine 
the potential o f photocatalyst/adsorbent systems.
1.6. Objectives of this Work
As nonylphenols and nonylphenol ethoxylates are resistant to degradation to 
conventional water treatment processes, a method for the removal o f these compounds is 
required. The seasonal application of adsorbents, such as activated carbon, in the removal 
of organic molecules from water, i.e. the so-called polishing step to improve taste and 
odour o f drinking water, is a method that would be very effective in the removal o f  
nonylphenols from wastewaters. However, the cost o f application on a large scale would 
be prohibitive. Alternative techniques are required for the effective removal of 
nonylphenols from wastewaters.
The objective of this work was to prepare and characterise Ti02/C composites for 
application in the removal o f nonylphenol ethoxylates from wastewater. To this aim 
Ti02 /C composites were to be prepared and a wide range of characterisation techniques 
were to be employed to define the physical and chemical properties o f the Ti02 /C 
composites. The Ti02/C composites were to be evaluated in the adsorption o f NPEOs and 
a model pollutant, phenol, and then to characterise the performance o f the adsorbent 
before the photocatalytic properties o f the TiÛ2 coatings were studied in a laboratory 
scale photoreactor under controlled conditions.
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2.1 Introduction
The merits o f photocatalyst/adsorbent composites and the most common methods used 
for their preparation have been discussed in Chapter I. This chapter describes the methods 
of preparation o f Ti02/C composites and their characterisation. In order to develop a 
robust, efficient photocatalyst/adsorbent composite, a combination o f carbon adsorbents 
and various sources o f titania have been studied along with two methods o f preparation of 
the Ti02/C composites. The relative performance o f the composites in the adsorption and 
photodegradation of organic pollutants in aqueous solution is predicted horn
characterisation data o f these Ti02 /C composites.
2.1.1. Sol-Gel Processing
Sol-gel techniques are used (see Section 2.2.2) and so h a brief introduction to sol-gel 
science is first presented here. For a more comprehensive introduction to the principles of 
sol-gel science, the Brinker and Scherer* text is an excellent starting point.
In the sol-gel process, the precursors for the preparation o f a colloid consist o f a metal or 
metalloid element surrounded by various ligands (typically alkoxides). A sol can be a 
colloidal dispersion of solid particles in a liquid, formed from the
hydrolysis/condensation o f the precursors into cross-linked polymers with a typical 
average size o f a few nanometres. As the size o f the hydrolysed/condensed polymer 
glows to macroscopic dimensions, so that it extends throughout the solution, the
substance is said to be a gel. Most gels are amorphous, even after drying, but many
crystallise when heated. The resulting dried gel, called an xerogel (if dried below the 
critical temperature and critical pressure of the pore fluids), has a high porosity and 
surface area which will make it potentially useful as a catalytic substrate or filter. 
Xerogels are used in the preparation of dense ceramics, in order to produce a dense 
ceramic from an xerogel, it is necessary to heat the gel to cause sintering.
Hydrolysis and condensation, o f a transition metal alkoxide for example, both occur by a 
nucleophilic substitution (S n ) mechanism involving a nucleophilic addition (A n )  
followed by a proton transfer, from the attacking molecule to an alkoxide or hydroxo-
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ligand within the transition state, and the removal o f the protonated species as either an 
alcohol or water .^ The hydrolysis and condensation of transition metal alkoxides can 
occur through up to four pathways: hydrolysis, alcoxolation, oxolation and olation 
mechanisms. Which o f these pathways dominate in the hydrolysis/condensation of the 
precursor is dependent on the precursor, the choice o f solvent, and the stability of the 
intermediates.
Acid or base catalysts can influence both the rates of hydrolysis and condensation and 
ultimately the structure of the condensed product. Acid catalysts enhance the reaction 
kinetics by protonation o f the negatively charged oxygen o f the alkoxide groups; this 
produces good leaving groups and removes the need for a proton transfer in the transition 
state. The protonation o f different alkoxide ligands by the acid catalyst as the hydrolysed 
polymer is forming during reaction can strongly influence the condensation pathway. 
This can be demonstrated by considering a model partially-hydrolysed polymer chain:
OR O OR OR
I. I. I IHO—Ti~0 —  — O—Ti^O—  — O—Ti-~0 —  — O—Ti~ORI I I IOR OR OR OR
(A) (B) (C) (D)
Fig. 2.1.1a. Representation of different sections o f partially hydrolysed titanium alkoxide 
polymer chain*.
The ease o f protonation decreases as D » A > C » B  (see Fig. 2.1.1a). This reflects the 
strength of election donation o f the ligands. Therefore, acid-catalysed condensation o f  
transition metal alkoxides is directed towards the end of polymer chains, which results in 
polymers with a low extent of branching. The use of a basic catalyst (NaOH or NH4OH 
for example) systematically enhances the reaction kinetics through the production of  
stronger nucleophiles. This is achieved thiough the deprotonation o f hydroxo ligands:
M-OH + :B --------- ► M“ 0  + H—b"
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The order of reactivity o f the partially-hydrolysed polymer chain (in Fig. 2.1.1a) toward a 
nucleophilic attack should decrease as B »C ~A >D . Therefore, base-catalysed 
condensation of transition metal alkoxides should be directed towards the middle o f a 
partially hydrolysed polymer chain, rather than the ends of the polymer chain when using 
an acid-catalyst, leading to a more compact, more branched product.
The structure of the condensed products, as stated already, is dependent on the relative 
rates o f the four reactions: hydrolysis, oxolation, alcoxolation, and olation. The 
contributions of each of these reactions already discussed include: the nature of tiansition 
metal, the alkoxide ligands, the solvent used and the choice of catalyst. Other parameters 
that influence the structure of the condensed products include the ratio o f water to 
transition metal (r) and the temperature at which the reactions are carried out. Careful 
control o f r can result in the isolation o f partially hydrolysed products as single crystals 
that can then be identified by X-ray crystallogiaphy. These, however, are not of interest 
to the cunent work, and at large values o f r, highly condensed products are favoured as 
the condensation of transition metal alkoxides is quite facile. Using an excess o f water 
( r » 2), hydroxide and hydrated oxide precipitates readily occur ,^ leading to 
monodispersed powders o f Ti, Zr, and Ta hydroxides or oxo-hydroxides being obtained 
from Ti(OEt)/, Zr(0 Pr")4^ , and Ta(OEt)s^ respectively.
2.1.2. Objectives
The aim of work discussed in this chapter was the preparation o f TiOz/C particles for 
application in water borne pollution contiol and the characterisation o f the product 
TiOz/C particles. The specific objectives were to:
•  find a reliable method o f coating TiOz film or particles onto the surface of 
MastCarbon microspheres and commercially available activated carbon Darco G- 
60.
• determine the surface area o f the TiOz/C particles to determine the effect the 
photocatalyst coating had on the surface area o f the adsorbent.
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• examine the location and the degree of TiOz coating, using techniques such as 
scanning electron microscopy (SEM) and UV-Visible-difflise reflectance 
spectroscopy (UV-vis-DRS).
•  investigate the crystal phase o f the TiOz in these TiOz/C particles.
• investigate the chemistry o f the surface of the TiOz/C by functional group 
titration.
2.2 Preparation
Two methods were used for the preparation o f titania coated carbon particles, TiOz/C. 
The first utilised sol-gel chemistry, through the hydrolysis o f titanium isopropoxide. One 
possible method of using sol-gel chemistry for the coating of MastCarbon spheres could 
involve the addition o f the caibon spheres to a pre-formed TiOx based gel, which is then 
stirred rapidly to coat the outer surface of the carbon spheres. Another method could be 
encouraging the hydrolysis o f the titanium isopropoxide to take place after the carbon has 
been in contact with the Ti(0 Pr‘)4 solution. There are advantages to both methods; the 
first method of contacting the carbon spheres with a pre-formed TiOx gel would be able 
to give a large loading o f TiOz on the outer surface of the carbon spheres whereas the 
second method mentioned above might give a lower loading. This lower load o f the latter 
approach might result in a more uniform coating that was also more stable to water 
treatment application. However, it might be more likely to penetrate into the porous 
network of the carbon support and so less will be on the outer surface o f  the carbon.
The second technique involved the coating o f a commercially available titanium dioxide, 
Degussa P25, onto the carbon surface using a polymer binder, to effectively ‘glue’ the 
TiOz onto the carbon support, which is then subsequently carbonised to foim the TiOz/C 
particles.
2.2.1 Materials
Carbon microspheres were obtained from MastCarbon Ltd. Typical carbon microspheres 
are shown in Fig. 2.2.1a, These carbon spheres are formed fi*om a phenol-formaldehyde
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resin, which undergoes a cross-linking process in an emulsion in the presence o f pore 
forming agents. The spheres then undergo carbonisation and activation in controlled 
atmospheres to give high surface area, high purity carbon spheres with a well, defined 
surface chemistry. The spheres are produced with a particle distribution around an 
engineered average particle size and are then sieved to give the particle size required by 
the application. The carbon spheres used in this work were activated in a CO2 atmosphere 
to give a basic carbon surface and then they were sieved to between 75 and 250 pm 
before use.
30pm
Fig. 2.2.1a. Electron micrograph of typical MastCarbon microspheres.
Darco G-60 is a steam activated carbon produced by Norit and was obtained as -100 
mesh (<150 pm), this was then sieved so that particles used in this work were between 
75 pm and 150 pm. The commercially available TiOz, Degussa P25, was used in the 
preparation of P25/C particles. Degussa P25 is 20% rutile and 80% anatase with an 
average particle size between 9 and 30 nm. However aggregates of the P25 particles form 
which are approximately 0.1 pm in diameter.
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200pm
Fig. 2.2.1b. An electron micrograph o f Darco G-60 activated carbon.
Isopropanol as well as NaOH HCl, NazCO], NaHCOg all obtained from Fisher-Scientific 
and titanium isopropoxide was obtained from Sigma-Aldrich. All these reagents were 
reagent grade or better and used without any further purification. The polyvinyl alcohol 
(PVA) with 86.5-89% hydrolysis was obtained from VWR International and used as 
received.
2.2.2 Coating Carbon via Hydrolysis of Titanium Isopropoxide
MastCarbon microspheres were first air-modified in order to oxidise the carbon surface. 
The oxygen functional groups could then act as ‘anchors’ for modification with TiOz. 
Carbon microspheres were heated to 623 K in air for 6 h. The weight loss was <1% after 
modification indicating no carbon bum-off during this treatment. The sample was then 
kept in a container open to the air until required for coating.
The titania coating was deposited chemically following the procedure by Torimoto et al? 
The TiOz was deposited on the modified carbon surface chemically using titanium
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isopropoxide. The titanium isopropoxide (1.85 cm )^ in isopropanol (70 cm )^ was 
contacted with 0.5 g of air-modified MastCarbon microspheres with a catalytic amount of 
nitric acid at 298 K. After 3 h the carbon was washed with water then dried and then heat 
treated at 623 K for 3 h to give surface TiOx clusters (see Figure 2.2.2a.).
-OH + Ti(OTr)4 ---- ——► -0-Ti(OTr)3 + 'PrOH
298 K
ii) 573K
Fig. 2.2.2a. Schematic o f the chemical deposition of TiOz onto the carbon surface
The load o f TiOz deposited on the carbon surface was determined by mass bum-off (see 
section 2.3.5), if  required a second coat was applied.
In order to give a more controlled loading of TiOz, further work was carried out using 
different amounts o f Ti(OPr‘)4. 1.5 g o f air-modified MastCarbon microspheres were 
added to 25 cm  ^ o f isopropanol with rapid stirring. A known amount o f Ti(OPr% added 
in order to give either a 5%, 10% or 15% (w/w) TiOz coating on the carbon surface. The 
mixture was stimed rapidly for a further 60 s. Then 15 cm  ^ o f 0.06 mol dm'^  HNO3 
solution was added and stirring continued for 1 h. The mixture was then ‘aged’ for 24 h 
before filtering and drying at 373 K for 24 h. Heat treatment was then carried out at 
623 K for 16 h.
2.2.3 Coating Carbon with Ti02 using a Poiyvinyi Aicohoi Binder
A 750 cm^ 5% (w /w ) PVA so lu tio n  w a s  h eated  to  353 K w ith  v ig o r o u s  stirring. 13.5 g  o f  
D e g u ssa  P25 then  added and m ixtu re stiiTed for 10 m in. 40 g  o f  carbon  w a s  then  added
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(either MastCarbon microspheres or Darco G-60) and the rapid stirring continued for a 
further 15 min before the mixture is filtered under reduced pressure and dried at 353 K 
under vacuum for 24 h.
Carbonisation o f the PVA coating on the C/PVA/TiOz particles was canied out in one of  
two procedures. Small batches of C/PVA/TiOz were carbonised under a helium 
atmosphere, in a fused-silica reactor with a temperature program: 10 K min * to 773 K 
and held at this temperature for 1 h before cooling. The reactor was only opened to the 
atmosphere when the temperature fell to below 373 K. In the case o f larger batches of 
C/PVA/TiOz to be carbonised the author had to consider the removal of large amounts of 
the gaseous products from the decomposition o f the PVA. In order to minimise any 
pressure increases within the reactor and to minimise any pore blocking by secondary 
decomposition o f gaseous hydrocarbons as they are liberated during primary 
decomposition o f PVA, the carbonisation was carried under vacuum. The effect o f both 
carbonisation regimes on the TiOz/C produced was determined by X-ray diffraction and 
nitrogen adsorption.
2.3 Characterisation: Experimental
The characterisation o f the parent carbons and the TiOz/C composites themselves was 
required to give a good understanding o f the properties o f these materials. 
Characterisation o f the effectiveness o f the coatings is required to enable the best method 
for coating to be determined. The crystal structure o f the TiOz coating needed to be 
identified in order to maximise the potential for photocatalytic activity. The location of  
this coating is also key in that if the TiOz is not on the outer surface of the composites 
then it may not be accessible. Thus, if the TiOz is located within the porous structure of  
the carbon host or is covered by a layer of carbon, and then the intensity of UV radiation 
reaching the photocatalyst surface will be gi’eatly diminished, or completely absorbed by 
the carbon. The condition o f the adsorbent after the coating with TiOz was also important, 
to this end the surface area and surface chemistry of the TiOz/C particles is investigated. 
This section describes the techniques used in order to detennine the key characteristics o f
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the TiOz/C particles for the determination o f the best coating method and to provide 
important information for the next two chapters.
2.3.1 Nitrogen Adsorption
Nitrogen adsorption at 77 K has been used to determine the surface area of the activated 
carbons used and the TiOz/C’s prepared. A Micromeretics ASAP 2010, Accelerated 
Surface Area and Porosimetry system, was used for the collection of the nitrogen 
adsorption isotherm which was inteipreted using the BET theory '^ .^ The mesoporosity of 
the samples was interpreted by the application of the BJH model***.
2.3.2 Scanning Electron Microscopy
In a typical scanning electron microscope (SEM) electrons are thermionically emitted 
from a cathode (W or LaBg) and are accelerated towards an anode. The resultant electron 
beam, which will typically have an energy ranging anywhere from a few hundred eV up 
to 50 KeV, is focused to a spot sized o f between 1 and 5 nm. The beam is scanned in a 
raster fashion over the surface o f the sample. As the primary electrons strike the surface 
of the sample they are inelastically scattered by atoms in the sample. Through these 
scattering events, the primary electron beam effectively spreads into the sample and fills 
a teardrop-shaped volume, known as the interaction volume, extending from between 
100 nm and 5 pm into the surface. Within the interaction volume there is emission of 
electrons that are detected to produce an image. Due to their low energy, secondary 
electrons originate fr om within a few nanometres o f the sample surface. The secondary 
elections are detected by a scintillator-photomultiplier and the resulting signal is rendered 
into a two-dimensional intensity distribution; this process relies on the raster scanning o f  
the primary electron beam. The spatial resolution of the images produced by a SEM is 
dependent on the size o f the electron spot scanning the surface o f the sample and the 
extent of the material that interacts with the election beam. The size o f the electron spot 
and the interaction volume are both very large when compared to the distances between 
atoms. Hence the resolution o f an SEM is not high enough to image down to the atomic
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scale; depending on the instrument used, the resolution of the SEM is generally between 
1 and 20  nm.
Energy dispersive X-ray analysis (EDX), sometimes referred to as EDAX or EDS, is a 
technique used for identifying the elemental composition of the sample under analysis. 
The EDX system works as an integrated feature o f an SEM and cannot operate 
independently o f the SEM. During analysis, the sample is bombarded with the SEM 
electron beam. The electrons o f the electron beam collide with the electrons of the atoms 
of the sample ejecting some electrons from atoms of the sample in the process. A positron 
vacated by an ejected inner shell election is eventually occupied by a higher-energy 
electron from an outer shell o f the atom. During this transfer the higher-energy electron 
must dissipate excess energy, which is achieved by the emission o f an X-ray. The energy 
released as an X-ray depends on which shell the electron is moving from and moving to. 
The atoms o f every element emit X-rays o f unique energies during this process and thus, 
by measuring the energy emitted during electron bombardment we can identify the atoms 
from which the X-rays are being emitted.
A Philips 3200N SEM was used in conjunction with an Oxford Insti’uments EDX 
analyser.
2.3.3 Powder X-Ray Diffraction
X-ray powder diffi-action (XRD) is an efficient analytical technique used to identify and 
characterise unknown crystalline materials. Monochromatic x-rays are used to determine 
the interplanar spacings o f the unknown materials. Samples are analyzed as powders with 
grains in random orientations to insure that all crystallographic directions are sampled by 
the beam. When the Bragg conditions for constructive interference are obtained, a 
reflection is produced, and the relative peak height is generally proportional to the 
number o f giains in a preferred orientation.
The Bragg equation;
nX 2d  sin 0 
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was derived to explain why the cleaved faces o f crystals appeared to reflect X-ray beams 
at certain angles o f incidence (0). The variable d is the distance between atomic layers in 
a crystal, and lambda, X, is the wavelength o f the incident X-ray beam and n is an integer. 
This observation is an example o f X-ray wave interference, commonly known as X-ray 
diffraction (XRD), and was direct evidence for the periodic atomic stiucture of crystals.,
Line broadening can used as a measure o f the crystallite size o f the powders analysed by 
the diffractometer. The Scherrer equation is used to determine the crystallite size 
diameter, D, from the wavelength o f the incident radiation, X, and the broadness of a 
peak, p, given by the full width at half the maximum height (FWHM) in radians 20, at 
position 0 .
0.9AD PcosO
Instrument broadening, Pi„sh was determined by the analysis o f the instruments silicon 
standai'd. p^st was determined from the FWHM of the peak at position 28.43 °20 {le. 
reflection 111) to be 0.2448 °20. Therefore the Lorenzian correction for the instrument 
broadening gives:
/^ obs I^imt Pstrain size
The instrument used in this work was a Panalytical X’Pert Pro MPD powder 
diffractometer with a CuKai (^ -  1.54 Â) X-ray source.
2.3.4 UV-Visible-Diffuse Reflectance Spectroscopy
As was mentioned in Chapter I TiOz is a wide band gap semiconductor. The 
thermodynamically most stable crystal structure o f TiOz, rutile, has a band gap o f 3.03 eV 
whereas the more photoactive anatase has a band gap of 3.18 eV. These band gaps result 
in absorption edges at wavelengths o f 413 nm and 387 nm respectively**. Therefore TiOz
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should have a characteristic adsorption edge as a semiconductor exhibits minimal 
absorption of photons with energies lower than the band gap and high absorption of 
photons with energies greater than the band gap. This is demonstrated in Figure 2.3.4 and 
the band gap can be estimated from the following equation:
a{h  v)  oc ^ h v - Eh v
Where a is the absorption coefficient, h is the Planck constant, v is the incident light 
frequency and Egap is the electronic band gap. The value for Eg is determined from the 
intercept of (ahv)^ vs. hv.
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Fig. 2.3.4. UV-vis-DRS for Degussa P25
This technique can be used in conjunction with XRD to investigate the TiOz crystal 
phase, but this technique can also be used to assess the likely effectiveness of the TiOz 
coating in the photodegradation o f the target pollutants. The height o f the adsorption edge 
due to TiOz seen in the UV-Visible spectrum for the TiOz/C particles is related to the
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amount of TiOz ‘visible’ to the spectrometer. Thus a taller adsorption edge will relate to a 
larger loading of TiOz on the surface o f the TiOz/C particles. The UV-Visible spectrum of 
the titanium dioxide coatings was taken using a Perkin-Elmer Lambda 9 
Specti’ophotometer with a diffuse reflectance accessory. Samples were scanned from 
600 nm to 300 nm at 120 nm min'*.
2.3.5 Mass Burn-Off
Mass burn is a simple and rapid technique of determining the total percentage of 
inorganic matter contained in a carbonaceous material. For analysis o f samples in this 
work, a known amount o f a sample was placed in a dry, pre-weighed ceramic crucible 
and heated to 1073 K for 1 h in static air. After cooling the sample and crucible were 
reweighed in order to determine the amount o f inorganic matter. After determination o f  
the amount o f inorganic matter contained within the parent carbons used, the amount of 
TiOz then coated onto a carbon could easily be determined. The TiOz residue after the 
burn-off process was then examined by SEM, for an indirect indication of the nature and 
morphology o f any coating before the burn-off process.
2.3.6 Surface Oxide Titrations
The surface functional groups on the activated carbons were investigated using Boehm 
titrations*  ^ and the method adapted fiom that o f Pigamo et al}^. This method can be 
summarised as a multi-basic titration of the surface acidic functional gi'oups on a carbon 
surface. In addition to this the basic surface functional groups are also titrated in an 
attempt to give a much clearer picture of the surface of the carbon under study. This 
method is used for determining the concentration of phenolic, lactonic and carboxyl 
acidic groups and the concentration o f all basic groups on the surface of the carbon. 
However, acidic gioups such as carbonyls and ethers cannot be differentiated from the 
other surface acidic functional groups using this method*'*. The basic functional groups 
have proved to be much more difficult to explain and the Boehm titration only gives a 
numeric value for the concentration of basic groups on the carbon surface, the monograph
Chapter II: Preparation and Characterisation of TiOz/C Composites 57
by Mattson and Mark*'* suggests that the figure provided by this method is an 
overestimate due to adsorption of protons and their anions by the carbon surface. In the 
absence of any other method to quantify the number o f basic functional groups on the 
surface of a carbon, the Boehm titrations have been employed in this work. Other 
techniques such as infra-red spectroscopy and temperature-programmed-desorption 
(TPD) can be applied in order to gain a full picture o f the acidic nature o f the carbon 
surface. However there is a large amount o f literature available on the characterisation o f  
oxides on the surface o f carbons and so, a full list o f references here would be 
inappropriate, reviews of this subject have been carried out and are recommended*'*’ *^ . 
Furthermore the titrations carried out in the current work are not intended as a 
comprehensive study of the surface chemistry of the activated carbons used and the 
TiOz/C particles produced, but as a general indication o f the nature o f the carbon surface.
Following the method by Pigamo et ah *^  approximately 0.2 g o f a carbon was contacted 
with 25 cm  ^ o f either NaOH, NaHCOg, NazCOz or HCl solutions whose concentiations 
were 0.05 mol dm'  ^and stirring at 100 rpm was continued for a minimum of seven days 
in order to attain equilibrium. The carbon was then removed fiom the solution and 20 cm  ^
o f the solution was back-titrated to neutral using a pH meter, to determine concentration 
of surface functional groups, using HCl for the bases and NaOH for back-titrating the 
HCl solution.
Partial analysis was carried out on the TiOz/C particles. The total acidic and basic sites 
were determined by contacting 0.2 g o f the TiOz/C particles with 25 cm  ^o f either NaOH 
or HCl solutions at a concentration 0.05 mol dm’^ . After equilibrating the samples these 
too were back-titrated to neutral.
2.4 Characterisation: Results and Discussion
2.4.1 Degree of Coating
The degree o f TiOz coating on the surface o f the carbon supports was determined by the 
use of mass burn-off (see Section 2.3.5). The acid-catalysed hydrolysis o f Ti(0 Pr')4
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resulted in MastCarbon spheres coated with 7% by weight o f TiOz (see Fig. 2.4.2b). 
Subsequent coatings by hydrolysis of Ti(OPr% were carried out with different target 
loadings. The weight o f TiOz coatings determined on the surface MastCarbon 
microspheres and the resultant total BET surface areas are shown in Table 2.4.1a. This 
shows that the desired levels o f coating are not always obtained using this method. 
Clearly some o f the Ti(OPr% hydrolyses in free solution and is not precipitated onto the 
surface o f the carbon support. However, tlie hydrolysis of Ti(0 PF)4 has been shown to 
produce up to 15% weight coating of TiOz on the surface o f MastCarbon microspheres. 
Furthermore, the degree o f coating is controllable via the selection o f the ratio of carbon 
support to alkoxide starting materials.
Table 2.4.1a. Data for burn-off and total surface area ( S b e t )  for MastCarbon
Intended Weight Coating Wt% Coating deduced by Burn-Off S bet (m^ g “*)
0% n.a. 737
5% 3.27% 739
10% 8 .00% 738
15% 15.20% 735
The target mass of TiOz in the preparation o f P25/C was 25% (as can be seen from 
Section 2.2.3). From mass burn-off the percentage weight of TiOz in the P25/Mast and 
P25/Darco G-60 systems was 20wt% and 26wt% respectively. This method is 
complicated by the coating o f the carbon support, with both TiOz and PVA at the same 
time. The carbonisation o f the PVA coating during the preparation of the TiOz/C particles 
will increase the wt% carbon (and lower the wt% TiOz) deduced by mass burn-off. 
Nevertheless, the coatings prepared using the PVA binder method had the desired higher 
loadings of TiOz. The degree of coating, using both the sol-gel route and the use of a 
PVA binder, could be controlled to give samples in the desired weight range of TiOz in 
the TiOz/C system.
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2.4.2 Location of the TI02 Coating
The location of the TiOz coating in the TiOz/C particles was studied using SEM-EDAX 
and UV-vis-DRS. The SEM could also be used to image the external surfaces o f the 
TiOz/C particles. The distribution and morphology o f the TiOz coating can easily be 
identified using this technique. UV-Vis-DRS can also be a direct measure o f the 
absorption of the TiOz coating on the external surface o f the TiOz/C particles and this 
technique is used in this section. The SEM images of the coating of MastCarbon spheres 
using the sol-gel method are shown below:
300 j^m
Fig. 2.4.2a. Precursor MastCarbon sphere that has been air modified at 623 K for 4 h.
Air modification o f the MastCarbon sphere causes a roughening of the outer surface of 
the carbon sphere surfaces (as can be seen by comparing Figures 2.2.1a and 2.4.2a). This 
roughening, offers points for physical and chemical anchoring of the TiOz coating onto 
the carbon surface.
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300pm
Fig. 2.4.2b. 7wt% TiOz coating on a MastCarbon microsphere produced using the acid- 
catalysed sol-gel method.
100pm
Fig. 2.4.2c. 7wt% TiOz coating on a MastCarbon microsphere produced using the acid- 
catalysed sol-gel method (at a higher magnification).
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Fig. 2.4.2d. EDX spectra o f the above-modified (left) and TiOz coated (right) 
MastCarbon microspheres (x-axis units in keV and the y-axis units in counts).
The above SEM images show a film like coating on the surface o f the carbon surface 
(Fig. 2,4.2b and 2.4.2c.), which is confirmed as comprising o f titanium and oxygen by the 
EDX spectra (Fig. 2.4.2d), strongly indicates that the coating is TiOz. These images show 
that there is a large amount o f TiOz on the surface of the TiOz/C particulates. However 
the coating looks fragile and non-homogeneous in that the coating appears to cover most 
of the outer surface o f the carbon microsphere, but some areas can quite clearly be seen 
that either have a very thin coating o f TiOz or no coating at all.
The Figures, 2.4.2e and 2.4.2f, show the structures that result fi-om the bum-off of the 
7wt% TiOz/MastCarbon microspheres. Although only one structure is shown in this 
figure, it can be considered representative o f the residue from bum-off. It can be seen 
from Figure 2.4.2e that the residue stmcture is hollow; this may indicate that the coating 
has only penetrated a short distance into the porous stmcture o f the carbon sphere. 
Therefore this image may give an indication o f the stmcture o f the carbon spheres and 
their coatings.
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' 200pm '
Fig. 2.4.2e. Residue o f TiOz after mass bum-off o f 7wt% TiOz/C acid-catalysed sol-gel 
coated MastCarbon microspheres (x300).
20pm
Fig. 2.4.2T Figure 2.4.2e at a higher magnification (x3000).
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Elemental analysis of the structure in Figure 2.4.2f using EDX showed that only titanium 
(18.8at%) and oxygen (81.2at%) are present. A matter that needs to be taken into account 
is that at the heat treatment required to form these structures (the carbon is burnt off at 
1073 K for 1 h) there may be some sintering o f the TiOz and so the structures shown may 
not accurately represent the structure o f the TiOz/C particles. The crystals o f TiOz in the 
centre of the image may have formed from the sintering o f the titania coating, which had 
penetrated deepest into the porous structure o f the carbon support after the carbon was 
burnt away and the coating partially collapsed.
Micrographs o f the TiOz/C particles prepared using a sol-gel method before and after the 
burn-off o f the carbon show that the TiOz coating is spread not only over the outer 
surface o f the particle, but also through the porous network of the carbon sphere. 
Information from BET analysis supports this (Table 2.4.1a). The surface area o f the 
TiOz/C particles is, within the limits of error, the same as the uncoated activated carbon 
spheres. This indicates that there is no pore blockage from the TiOz coatings and that the 
highly developed porous network o f the carbon is maintained. Therefore the coating must 
be in the form of a thin film on the surface o f the carbons pores.
100pm
Fig. 2.4.2g. 20wt% P25/MastCarbon microspheres.
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The 20wt% coating o f MastCarbon microspheres with Degussa P25 using a PVA binder 
is shown in the micrograph in Figure 2.4.2h. This shows (i) the carbonised PVA and (ii) 
the presence o f Degussa P25 on the carbon surface. The carbonised PVA can be seen 
from the pitting of the carbon sphere surface and the warping o f the normally smooth 
surface of the carbon sphere. The P25 particles are the lighter particles on the surface of 
the carbon sphere (confirmed by EDX, spectra not shown). The SEM image. Figure 
2.4.2h, shows a higher magnification o f the image Fig. 2.4.2g, the area selected for 
magnification was a darker region in the middle o f the image which appeared to have a 
low density o f TiOz present. This image shows that there is a coating o f P25 particles 
over the whole outer surface o f the carbon sphere even if from lower magnification the 
coating appears to be highly non-uniform with large clusters o f TiOz on the surface 
separated by large areas o f uncoated carbon surface. Although these images show that the 
surface o f the carbon is well coated by P25 it is recognised that improvements in the 
method could be made in order to give an even better dispersion o f the TiOz and limit the 
size and number of the large TiOz clusters the composites surface. This may be achieved 
by the use of a surfactant to disperse the TiOz in the solution used to coat the carbon 
support (see Section 5.3.1).
10pm
Fig. 2.4.2h. 20wt% P25/ MastCarbon sphere at a higher magnification.
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Nitrogen adsorption can be used to determine the surface area and the pore size 
distribution. This is a useful indication o f the effect of the PVA/P25 coating on the 
surface o f the carbon support. Table 2.4.2a shows the large reduction in the surface area 
of the carbon supports used by the coating (ca. 35% for both adsorbent systems). This 
reduction is likely to be a result o f pore blockage by both the TiOi particles and the PVA. 
The PVA after carbonisation will still be present in the pores of the carbon support and 
reduce the surface area. However, the surface area of the Ti02/C could be improved by an 
activation after-treatment to burn-out the carbonised PVA blocking the pores o f the 
carbon support (see Section 5.3.1).
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Fig. 2.4.2i. BET isotherms for Ti02/C composites and the carbon supports.
The hysteresis of the adsorption-desorption isotherms gives an indication o f the pore size 
distribution of the sample. The hysteresis o f the isotherm for MastCarbon spheres is 
limited to the high relative pressure range. The hysteresis for the Darco G-60 isotherm is 
significant over a large portion o f the desorption isotherm. This indicates that the 
MastCarbon spheres have a narrow pore size distribution, whereas Darco G-60 has a
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much wider distribution o f pore diameters. This can also been seen by plotting the BJH 
pore size distribution, as can be seen in Fig. 2.4.2J and Fig. 2.4.2k.
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Fig. 2.4.2J. Pore size distribution or BJH dV/dlog(D) desorption pore volume plot for 
MastCarbon microspheres.
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Fig. 2.4.2k. Pore size distribution or BJH dV/dlog(D) desorption pore volume plot for 
Darco G-60.
The BJH pore size distribution for MastCarbon spheres shows a narrow distribution o f 
pores around a diameter of 15 nm as was indicated by the hysteresis in the adsorption- 
desorption isotherm. The pore size distribution for Darco is much broader, there appears
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to be many more pores below 10 nm in diameter. This wider pore size distribution is an 
indicator that Darco G-60 has had a higher degree o f activation than MastCarbon spheres.
Table 2.4.2a. The total surface area and the average pore diameter o f the prepared P25/C
Carbon or TiO^/C Surface Area Total Pore 
Volume (cm^ g‘*)
Average Pore 
Diameter (nm)
Mast Spheres 737 ± 14 0.63 3.4
20wt%P25/Mast 457 ± 9 0.54 3.8
Darco G-60 1000 ± 14 0.67 2.7
26wt%P25/Darco 655 ± 10 0.46 2.8
Another indication o f the location o f the TiOi coating and the likely effectiveness o f the 
TiOz/C composites in the photocatalytic degradation of organic pollutants can be gleaned 
from their UV-Vis-DR spectra.
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Fig. 2.4.21. UV-vis-DR spectrum and adsorption edge (AA) for TiOz/C prepared using 
alkoxide coating o f MastCarbon spheres.
The amount o f absorption o f the incident light due to the TiOz coating will be directly 
related to the surface concentration o f TiO%. A typical UV-vis-DRS of a TiOz/C system is
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shown in Figure 2.4.2j. The height o f  the absorption edge is measured from the low point 
o f the spectra (-400 nm) just as the absorption o f the radiation begins due to the Ti02, up 
to the high point o f the spectra in the region o f 300 nm.
Table 2.4.2b. Absorption edge height o f different TiOz/C samples.
TiOa/C Sample Weight T1O2 Coating (%)* A Absorbance
Alk.Ti02/Mast (HT cat) 4 0.155
Alk.Ti02/Darco G-60 (H+ cat) 5 0.101
P25/ Mast 20 0.201
P25/Darco G-60
........ . ' ' ■ ..... —. " " -
26 0.063
deduced from burn-off o f carbon
As can be seen from Table 2.4.2b. the height o f the adsorption edge’s for Ti02 coated 
onto MastCarbon spheres is higher than for Ti02 coated onto the Darco G-60 activated 
carbon for both coating methods. This may be due to particle shape and particle size 
distribution of the carbons used, but may also be related to the very different starting 
materials used in the preparation o f these two carbons. The MastCarbon microspheres are 
a glassy carbon with a highly reflective surface (for an amorphous carbon) and have a 
particle size between 75 pm and 250 pm, whereas Darco G-60 has a particle size between 
75 pm and 150 pm and has a much stronger absorbance across the visible light spectrum, 
determined by UV-Vis-DRS. This combination o f a greater absorbance o f the incident 
light and the smaller particle size o f the Darco G-60 will result in the small absorption 
edge for the P25/Darco G-60.
2.4.3 The Crystal Phase and Dispersion of the TiOg Coatings
Investigations into the ciystal phase o f  the Ti02 in the TiOi/C particles were carried out 
using X-ray diffraction (XRD) (Section 2.3.3) and UV-Vis-DR Spectroscopy (Section 
2.3.4). The hydrolysis o f Ti(OPr% has been reported to result in anatase Ti02^ the 
kinetically favoured crystal phase, which is the desired crystal phase due to its higher 
photoactivity. The XRD profile for sol-gel coated MastCarbon microspheres is shown in 
Fig. 2.4.3a. The Figure shows that Ti02 in the Ti02/C prepared by the hydrolysis o f
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Ti(OPr')4 has a similar XRD pattern to Ti02 formed using the same method in the 
absence o f the carbon support, and is identified as mostly comprising o f anatase TiO]. 
The peaks in the diffraction pattern for the Ti02/C are much wider than those for Ti02 
only. The growth o f Ti02 crystals within the porous structure o f the carbon support will 
limit their size and even the crystals o f Ti02  that form on the outer surface o f the carbon 
may have their growth limited by the carbon support. Using line broadening to determine 
the crystallite size for the Ti02 from the hydrolysis of Ti(OPr‘)4, using the peak at 20 = 
25.27°, is given as 14.2 nm and for the Ti02 coated onto the carbon, using the same peak, 
the crystallite size is given as 2.2 nm. The Ti02 crystals grown on the support are a third 
of the size o f the sol-gel derived Ti02  crystals prepared in the absence o f a carbon 
support. In the XRD pattern for the Ti02/C composite in Figure 2.4.3a the additional 
peaks at positions 20 = 43.07° and 20 = 44.93° are attributed to a C12 structure within the 
carbon support. Hence these peaks are not present in the Ti02 only XRD pattern.
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Fig. 2.4.3a. XRD patterns o f (i) Ti02 formed from the hydrolysis o f Ti(OPr')4 and (ii) 
MastCarbon spheres coated with Ti02 by hydrolysis of Ti(OPr‘)4.
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XRD may also reveal the crystal phases in the commercially available TiO], Degussa 
P25, which has 20% rutile TiO: and 80% anatase TiO], and the effect o f coating P25 onto 
the surface o f a carbon support using a PVA binder.
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Fig. 2.4.3b. XRD pattern for P25/PVA coated MastCarbon spheres before and after 
carbonisation o f the PVA binder (peaks for anatase (A) and rutile (R) are labelled).
The XRD pattern (Fig. 2.4.3b) shows that the crystal structure o f the Degussa P25 in the 
coating of the MastCarbon microspheres is mostly unchanged. Therefore the 
photocatalytic activity o f the Degussa P25 should be retained and will be investigated in 
Chapter IV. The anatase to rutile ratio measured from the XRD pattern (from the area o f  
the (101) anatase peak at 20 = 25.27° and the (110) rutile peak at 20 = 27.42°) was 80% 
anatase 20% rutile. Line broadening measurements of the Degussa P25 (using the anatase 
peak at 25.27°20) results in a average crystallite size of 27 nm, which compares with the 
literature particle sizes o f between 9 and 30 nm* ’^’ .^
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The use o f UV-Vis-DRS to determine the position o f the absorption edge o f the 
semiconducting titanium dioxide {i.e. representing the energy gap between the valance 
and conducting bands) is shown below in Figure 2.4.3e. This method uses the 
extrapolation o f the baseline, resulting from the absorption of incident light by the carbon 
support, and the extrapolation of the absorption edge to a point where the two intersect. 
This intersection gives the position (wavelength) o f the absorption edge, or the start o f the 
absorption band.
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Fig. 2.4.3c. UV-Vis-DR spectra for Ti02/C prepared by coating MastCarbon spheres 
using the alkoxide method. This shows how the position o f the TiOz absorption edge is 
determined.
Baseline difficulties arise in Figure 2.4.3c in the use of this method for the determination 
of the absorption edge. As the wavelength is decreased from 600 to 300 nm the 
absorbance of the carbon support decreases, which imparts a significant error in 
determination of the exact position of the Ti02  absorption edge, especially when the 
absorption edge is small, as is the case for the Degussa P25 coated Darco G-60 activated
Chapter II: Preparation and Characterisation o f Ti02/C Composites 72
carbon (see Table 2.4,2a). This technique, however, is still quite capable o f determining 
the difference between the anatase and rutile crystal structures o f titanium dioxide. As 
was mentioned in Section 2.3.4 the absorption edges for rutile and anatase crystal 
structures o f TiOi are 413 and 387 nm respectively**. As can be seen in Table 2.4.3a the 
position o f the Ti02  absoiption edge o f thiee o f the Ti02 /C systems studied are within 
3 nm of the literature value for the absorption edge o f anatase. The position o f the 
absorption edge for the P25/Darco G-60 system is an indication o f the limits o f this 
technique (as is seen in Table 2.4.3a). This system has a small absorption edge {i.e. at 
376 nm) that has a blue shift of 11 nm from the literature value of anatase Ti02. This 
however isn’t a complete failure o f this technique to determine the crystal structure if  the 
Ti02. The presence o f a significant amount o f rutile structure in the Ti02 coating would 
be expected to red shift the absorption edge towards the value o f 413 nm for a pure rutile 
Ti02 material. However the absorption edge in the P25/Darco G-60 system is blue shifted 
from the value expected for anatase TiÛ2. Therefore it can be said that the UV-vis-DR 
Spectra for the P25/Darco G-60 system indicates that the TiÛ2 is o f anatase structure. 
However other techniques, such as XRD, are required to confirm the findings from the 
UV-Vis-DRS.
Table 2.4.3a. Position o f the Ti02 absorption edge for Ti02/C samples.
TÎ02/C Composite Position of Absorption Edge Position of Absorption Edge
Alk.Ti02/ Mast 384 nm 3.22 eV
Alk.Ti02/Darco G-60 388 nm 3.18 eV
P25/ Mast 388 nm 3.18 eV
P25/Darco G-60 376 nm 3.29 eV
Rutile Ti02 is thermodynamically more stable than anatase and upon heating anatase is 
converted to a rutile structure. This crystal change is o f major concern during the 
carbonisation o f the PVA binder used in the coating the Degussa P25 onto the 
MastCarbon spheres. The combination o f X-ray diffraction structure and the position o f  
the absorption edge in the UV-Visible spectrum of the Ti02 in the TÎO2/C particles show 
that the photoactive anatase crystal structure o f Ti02  is still dominant after the
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carbonisation o f the PVA binder. These techniques have also been applied to show that 
anatase TiOg is formed from the hydrolysis of Ti(OPr% and that is structure is dominant 
in the TiOz films formed on the surface o f the carbon supports. These results are 
promising, in that they ensure the best possible chance for high photocatalytic activity for 
the Ti02 /C particles prepared.
The thermodynamic stability o f  rutile Ti02 is o f major concern to many researchers* '^ *^ 
but it is generally found that coating carbon with Ti02  or coating the TiÛ2 with carbon 
increases the thermal stability o f the anatase phase. Even at temperatures of 1173 K the 
anatase phase is stable for up to 1 h in contact with a carbon support or coating whereas 
phase change usually occurs at temperatures as low as 773 There is no explanation 
for this phenomenon forthcoming from the literature. However, one possible explanation 
for the increased stability o f the anatase crystal phase in the Ti02 /C systems may be the 
density change that is experienced by the Ti02  when the crystal phase changes from 
anatase (3.84 g cm'^) to rutile (4.26 g cm' )^* ’^^ .^
2.4.4 The Surface Chemistry and Surface Composition of the 
TiOg/C Composites
The author to study the chemistiy o f the surface of the Ti02/C particles, using acid/base 
titrations o f the functional groups on the surface o f the carbon supports and the surface of 
the Ti02/C particles and X-ray photoelectron spectroscopy (XPS) to determine the 
surface composition.
The titration o f the carbon supports shows the difference in character between the 
MastCarbon microspheres and the Darco G-60 activated carbon (Fig. 2.4.4). The 
activation o f the MastCarbon spheres under a CO2 atmosphere has resulted in a 
predominantly basic surface, whereas the activation o f the Darco G-60 activated carbon 
takes place under a steam atmosphere and the result is a predominately acidic surface. 
These titrations also confirm the finding o f Pigamo et a l  *^  that MastCarbon microspheres 
can be functionalised to a higher degiee than most other commercially available activated
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carbons. This method o f titrating the functional groups on the surface o f a carbon was 
also applied to the TiOi/C particles, at this point problems with the method o f coating 
arose. On contact with the acid and base solutions used in the titrations, the Ti02/C 
particles coated using the sol-gel method visually lost a large proportion o f the Ti02  
coating on the surface o f the carbon. As a result the solution changed from being 
colourless to a milky white colour (indicating that a suspension o f Ti02  particles is 
formed) and on separation from solution the Ti02 /C particles had visibly darkened in 
colour. At this point the decision was taken to proceed using only the particles that were 
coated using the PVA binder method, as these are much more stable to application with 
an aqueous solution. The results o f the titration o f the surface functional groups of the 
P25/C particles are shown in Figure 2.4.4.
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Fig. 2.4.4. Acidic/basic functional group distribution on the surface of carbon and P25/C 
particles.
The coating o f the carbon supports with PVA/P25 and subsequent carbonisation o f the 
PVA leads to a large reduction in the surface functionality observed using the titration 
technique. However, the character o f the surface remains mostly unchanged, i.e. the Ti02/ 
Mast surface is still mostly basic as is the surface o f the MastCarbon support and the
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TiOz/Dai'co G-60 surface is still mostly acidic as is the surface o f Darco G-60. The 
reduction in functionality after the coating process is likely to be due to the overcoat of 
new carbon on the support. The carbon supports are both activated carbons, and are 
therefore highly functionalised by the activation process. This reduction in functionality 
could, however, in the future be rectified by an activation o f the Ti02/C particles. Not 
only will an activation process increase the functionality of the surface of the carbon 
support (as desired by the choice o f the activation gas used), but it will also increase the 
surface area, improving the performance o f the carbon support as an adsorbent.
X-ray photoelectron spectroscopy o f MastCarbon spheres gave a surface composition o f 
95at% carbon and 5at% oxygen, as would be expected from this high purity carbon no 
other elements were detected above the detection limit o f the instrument. XPS o f a 
P25/Mast composite gave a surface composition o f 83.9at% C, 12.0at% O, 3.7at% Ti and 
0.4at% N. The Ti02 in the composite surface, determined by XPS, was therefore 
20.85wt%. The amount o f Ti02 in the surface was expected to be higher as the total 
weight o f Ti02  in this composite is 20wt% (if all this 20wt% Ti02  was on the surface o f  
the particles XPS would give a surface composition close to 100wt% TÎO2). Therefore 
the surface o f the composite is carbon rich that is mostly like a result o f the coating o f the 
Ti02 particles with carbon from the decomposition of the PVA binder. The surface 
concentration of Ti02  could be increased by burning off the some o f the surface carbon, 
deposited when the PVA binder was carbonised, with an activation treatment and this 
will be discussed in future work (Chapter V).
2,5 Summary
In this chapter the author has demonstrated the preparation o f Ti02/C particles using two 
methods: the coating of carbon supports with Ti02 by the hydrolysis o f Ti(0Pr')4 and the 
coating o f a commercially available titanium dioxide using a polymer binder that is 
subsequently carbonised. Both methods produced anatase Ti02 on the surface o f the 
carbon (confirmed by both selected XRD and UV-Vis-DRS) with high levels o f coating 
on the outer surface o f the particles. X-ray diffraction line broadening has indicated that
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the crystallite size o f titania formed by a sol-gel route is smaller than the commercial 
Degussa P25. The titania crystals formed on a carbon support are smaller than titania 
crystals formed in the absence o f a support, which indicates that the surface and porous 
structure o f the carbon limits growth. Ti02  formed within the porous structure o f the 
carbon will be limited in size by the nature o f the pore as evidenced by the formation of  
Ti02 within pores is provided by SEM of the residue o f carbon burn-off.
The MastCarbon spheres coated using the PVA/P25 system shows the most potential for 
high photocatalytic activity by the height o f the Ti02 absorption edge seen in the UV- 
Vis-DR Spectra. Unfortunately the coating o f MastCarbon microspheres with Ti02 by the 
hydrolysis of Ti(OPr‘)4 resulted in a fragile coating o f which a large proportion fell off 
the surface o f the carbon spheres when the T102/C particles were agitated in water. This 
problem was not obsei-ved for the carbon supports coated with P25 using a PVA binder. 
Hence future work on the application o f the Ti02/C particles to determine their 
adsorption and photocatalytic characteristics was carried out using only the T102/C 
particles prepared using Degussa P25 and a PVA binder.
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3.1 Introduction
There are two methods by which Ti02/C composites can remove organic compounds 
from aqueous solutions, through adsorption and photodegradation. These two processes 
are to be separated to allow a detailed study o f each. This chapter sees the study of the 
adsorption of phenol and phenol derivatives by the Ti02 /C composites and the adsorbents 
used in the preparation o f these composites. The rate and extent o f adsorption under 
different conditions are explored. This allows the analysis o f the mechanism of the 
adsorption o f phenol and NPEO and the factors that affect the rate o f adsorption are to be 
discussed in the next section.
3.1.1, Mechanism of Adsorption
The mechanism of adsorption can be basically explained by three consecutive steps: (1) 
external (or film) mass transfer o f solute molecules from the bulk solution to the 
adsorbent particle surface, followed by (2) diffiision within the particles internal structure 
to the sorption sites where (3) the molecule is rapidly adsorbed. The final step, adsorption 
of the molecule, happens in such a short time frame, that it can be neglected from kinetic 
considerations, as film mass transfer and intra-particle diffusion are rate determining 
steps.
The transfer o f material in adsorption onto a porous particle is generally described* by the 
unreacted, shrinking core model. That is, the adsorption zone forms a ‘front’ that starts at 
the outer surface o f the adsorbent and moves radially inwards leaving an unreacted zone 
at the centre o f the adsorbent particle. Fig. 3.1.1a shows this process schematically.
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Figure 3.1.1a. Unreacted shrinking core model for adsorption on a porous particle 
(adapted from Ref^).
This figure reveals that two factors control the adsorption rate: diffusion at the boundary 
layer and intra-particle diffusion.
3.1.1.1. Kinetics
Descriptions o f diffusion (i.e. the film-pore diffusion, the film-solid and film-branched 
pore diffusion models) result in models that are highly complex and require the 
development of bespoke software to determine the performance o f an adsorbent under 
any particular set of conditions. Both the film-pore and film-solid diffusion models have 
been applied successfully in the prediction o f the rate of adsorption of a number of 
pollutants^^. The film-branched pore diffusion model, however, involves a large number 
of parameters and considerable computational time and so has not been solved for many 
systems*.
However, the overall kinetic parameters o f a particular adsorbent and a specific adsorbate 
under defined conditions can be determined by simple batch experiments, using simple 
integrated rate laws. For the first-order rate law for the consumption o f a single reactant:
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= -yfc[X]
d t
can be integrated to give the solutions:
in
m
=  - k t  [ d ]  — [A J^ e
o j
—kt
(2)
Equations 2 show that if  is plotted against t then a first-order reaction will
result in a straight line with a slope o f ~k. A usefiil indication o f the rate o f a first order 
reaction is the half-life o f a reactant:
ln2
■1/2 -  ^  (3)
that is independent o f initial concentration. The integration of the second-order rate law:
d \_ x \
d t (4)
gives:
=  k t  [ A ]  =
[ A ]  [^]„ 1 +  fo M o  (5)
and so plotting H\Â\ against t, will result in a straight line with a slope o f k. The half-life 
o f a second order reaction is:
I 1
k [ A \  (Q
These simple rate equations are used throughout this Chapter to determine rate constants 
and half-lives o f the adsorption o f phenols and alkylphenol ethoxylates and will also be 
used in the next Chapter for the treatment o f data produced for the photodegradation o f  
these molecules.
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3.3.1.2. Equilibrium
The equilibrium condition between solution and solid concentrations o f the adsorbate can 
be described by several isotherm formulae; here the two most commonly used examples 
are presented. The Langmuir isotherm assumes that the adsorbent surface is uniform and 
all adsorption sites are energetically identical. A Langmurian isotherm is characterised by 
a plateau which signifies monolayer adsorption implied by the energetically identical 
sites (see Figure 3.3.1.2). Mathematically it is expressed as:
l  +  K f i
where Uads is the adsorbed concentration, n«j is the monolayer concentration, C is the 
fluid phase concentration and Kl is the Langmuir constant.
The Freundlich isotherm describes equilibrium on a heterogeneous surface and so does 
not assume a monolayer capacity. Mathematically it is expressed as:
q s  =  («)
where a? and bp are the Freundlich constants. The value o f ap expresses the adsorbent
capacity and bp is the surface heterogeneity factor.
These formulae can be used to describe single-component equilibrium in adsorption
systems. The choice over which o f the two isotherm theories to use is decided based on 
experimentally observed plots o f solid phase concentration verses fluid phase 
concentration. Typical Langmuir and Freundlich plots are displayed in Figure 3.1.1b.
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Fluid Phase Concentration
Fig. 3.3.1.2. Illustration of the adsorption equilibrium plots as proposed by Langmuir 
(solid line) and Freundlich (dashed line).
3.1.2. Phenol Adsorption
By far the most studied aqueous phase application o f carbon adsorbents is in the 
adsorption o f phenol. Phenol is often used as a measure o f an adsorbent’s performance. 
The phenol number, along with the better known iodine number (the amount o f iodine 
adsorbed by the adsorbent, measured in mg g‘*) is a measure o f  the performance o f an 
adsorbent under well defined conditions. However, great care needs to be taken when 
using these values to predict the performance o f an adsorbent in a practical application. 
Phenol is also most commonly used as a starting point in the investigation o f the 
adsorption o f other aromatic compounds or substituted phenols^.
Although the mechanism o f phenol adsorption by carbon adsorbents has been under 
intensive study for several decades, there has been a great deal o f difficulty in reaching a 
consensus on how the phenol molecule is adsorbed onto the carbon surface, because o f  
the complex surface chemistry o f carbon (as described in Section 1.3.4). Despite the 
obvious influence of the surface chemistry, many studies of the adsorption of phenols 
have been earned out without any attempt to characterise the carbon surface chemistry^.
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or indeed without any mention o f the surface chemistry when drawing conclusions from 
the data generated. Throughout all the studies on the adsorption o f phenols no standard 
carbon has emerged to allow straight forward comparisons between laboratories. In the 
case o f photooxidation o f organic molecules in aqueous solution a standard source of 
TiOi {i.e. Degussa P25) has emerged. However, unlike activated carbon, Ti02 can be 
prepared with well defined physical and chemical properties. For carbons, the nature o f  
the source material can vary from batch to batch and so the level o f impurities can be 
quite different. The chemistry o f the carbon surface is mainly determined by the method 
of activation, and there are several alternative methods o f activation available, each 
method having a dramatic affect on the adsorption o f phenols. Even if the exact details o f  
the activation procedure are known, the surface chemistry is also affected by the 
atmosphere in which it is stored and the duration o f the storage period. A carbon that is 
activated in a CO2 atmosphere, for example, will have a highly basic surface immediately 
after activation. However, if  the carbon is then stored in air for any length o f time, the 
acidity o f the surface will increase as the surface is slowly oxidised by atmospheric 
oxygen.
Uncovering the mechanism o f phenol adsorption has not only been hampered by the 
complex chemistry o f the carbon surface, as described above, and the interaction o f the 
carbon surface with the aqueous solvent, but such an interaction is also complicated by 
the possible orientations the phenol molecules can adopt {i.e. parallel or perpendicular to 
the carbon surface). Singh® examined the issue o f orientation o f phenol molecules on the 
surface of two carbon blacks. The calculated molecular cross-sectional areas were 
0.33 nm  ^and 0.28 nm  ^for the two adsorbents. After comparing these values to the much 
larger area of 0.52 nm ,^ for the area for a flat orientation, the author concluded the phenol 
molecules are adsorbed in an “edge-on fashion”, so that the phenolic group is pointing 
out towards the aqueous solution. Puri et. al?  addressed the issue o f parallel versus 
perpendicular orientation o f adsorbed phenol. They concluded that as the surface oxygen 
is gradually eliminated, the surface orientation changes from perpendicular to parallel. In 
a subsequent review, Puri* argued in favour o f the parallel orientation, for adsorption o f  
phenol from solutions o f moderate concentiations, citing the attractions o f non-polar
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forces between the carbon substrate and the entire nucleus o f the phenol molecule. The 
current consensus appears to be that the phenol molecule is adsorbed in a parallel 
orientation at low concentrations and changes to a perpendicular orientation only at high 
surface concentrations®’^ ’^  **.
Despite these difficulties, in the study o f the mechanism of phenol adsorption, two 
mechanisms have emerged from the large amount o f literature available on the subject. 
The first to emerge was that suggested by Coughlin and Ezra  ^ in which it is stated that 
“dispersion forces between the phenol n electron system and the n band o f the graphitic 
planes of the carbon as responsible for adsorption” and that “[rjemoval o f electrons from 
the n band o f the carbon by chemisorbed oxygen might be expected to interfere with and 
weaken these forces”. This mechanism was formulated following the observation that 
oxidation and reduction o f activated carbon markedly influences the nature o f phenol 
adsorption isotherms. Coughlin and Ezra  ^ found that the oxidation o f activated carbons 
and carbon blacks considerably lowered the capacity for the adsorption o f phenol. They 
also observed that reduction o f the carbon had the opposite effect. It was suggested that 
the presence o f acidic surface functional gi'oups, at the basal plane edges, served to 
withdraw electrons from the Jt-system o f the basal planes that deactivates the aromatic 
ring system o f the carbon. Typically, at high equilibrium phenol concentrations, a second 
step is observed in the adsorption o f phenol. This second step is explained by Coughlin 
and Ezra*** as a change in the orientation o f the phenol molecule on the carbon surface. In 
the low concentration region o f its adsorption isotherm, the phenol molecule is adsorbed 
in a parallel orientation and then the step in the isotherm is attributed to the phenol 
molecule changing from a parallel orientation to a perpendicular orientation. The second 
plateau in the isotherm appears not to be affected by the surface chemistry o f the 
activated carbon.
A second mechanism o f phenol adsorption was formulated by Mattson and Mark* .^ Based 
upon their assumption that carbon does not contain a considerable fused-ring system, and 
data that seems to be in direct conflict (in the adsorption o f p-nitrophenol) with the 
findings o f Coughlin and Ezra, they suggested that “considerably more systematic
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information was necessary with respect to the direct chemical nature o f the reaction 
involved in the adsorption o f phenol before the actual mechanism could be resolved”. 
They subsequently studied the adsorption o f phenol, nitrobenzene, w-nitrophenol and p- 
nitrophenol on activated carbon in conjunction with infrared 1RS o f p-nitrophenol on the 
activated carbon surface. Mattson and Mark*  ^ postulated a charge-transfer mechanism 
theory for the interaction between the carbon surface and the aromatic ring o f the phenol 
molecule. This mechanism involves the formation o f a “donor-acceptor complex [of 
phenol molecules] with surface carbonyl oxygen groups, with adsorption continuing after 
these sites are exhausted by complexation with the rings o f the basal planes”. This 
mechanism gives a neat explanation for the second plateau o f the phenol adsorption 
isotherm. The low concentration region o f the isotherm is therefore attributed to the 
formation of donor-acceptor complexes with carbonyl groups, and this second plateau, 
which Coughlin and Ezra ’^*** observed was not dependent on the degiee o f oxidation o f  
the carbon surface, is attributed to the complexation o f phenol with the rings o f the basal 
planes. The Mattson and Mark mechanism of phenol adsorption is supported by evidence 
in the literature*^ "*® for the formation o f donor-acceptor complexes between phenol and 
several kinds o f electron donors.
On the face o f it, interactions between occupied 7c-orbitals should lead to repulsion 
between the aromatic adsorbate and the graphitic planes o f the carbon surface. However, 
there is supporting evidence for this type o f interaction from biological systems. There 
are now several publications on the stacking o f aromatic hydrocarbons* '^^*. Although 
there appears to be little stabilisation from these interactions, 60% o f aromatic side chains 
in proteins are involved in aromatic pairs^ .^ Phenyl rings are separated by a preferential 
distance of between 0.45 and 0.7 nm. The orientation of the aromatic molecules benzene 
and pyridine adsorbed on the graphitic surface o f microporous carbon has been 
investigated by Ueno et al?^ using synchrotron-radiation-excited soft X-ray emission 
spectroscopy. They calculated the distance between the adsorbed molecule and the 
graphitic surface to be 0.33 nm for both adsorbates and both adsorbates were in a parallel 
orientation. The electronic states o f the adsorbed benzene and pyridine molecules was 
found to be similar to the non-adsorbed molecules indicating there is little charge-transfer
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between the adsorbed molecules and the graphitic surface. The stacking of phenyl rings 
in proteins and the observation that benzene and pyridine are adsorbed on the surface o f 
graphite in a parallel fashion adds weight to both the Coughlin and Ezra Ji-n interaction 
mechanism and also the Mattson and Mark mechanism by which the second phase o f  
adsorption occurs by the formation o f complexes between phenol and the graphitic basal 
planes. Unfortunately this supplementary information is not sufficient to determine which 
o f the two mechanisms for phenol adsorption most accurately represents the true 
mechanism o f phenol adsorption.
A true test o f each o f these mechanisms is how they explain the changing phenol 
monolayer coverage as the pH o f solution changes. At high pH there is a sharp decrease 
in the phenol monolayer coverage on carbons. This drop in amount adsorbed may be, in 
part, explained by the increased water solubility o f phenol at high pH values. However, 
for the mechanism proposed by Coughlin and Ezra, although the adsorption of phenol 
takes place on graphitic planes, at high pH the repulsion between deprotonated acidic 
functional gioups on the carbon surface and the phenolate anion is deemed as being 
responsible for the observed decrease in monolayer coverage. The Mattson and Mark 
mechanism has, in the authors opinion, a more plausible explanation. As the phenol 
molecule is deprotonated, its ability to act as an electron acceptor is severely hampered 
and so the formation o f a charge-transfer complex with surface carbonyl groups will be 
inhibited at high pH values.
The mechanism of adsorption of phenolic compounds on the surface o f carbons is 
discussed throughout this chapter with respect to the results obtained.
3.1.3. Adsorption of Surfactants
In comparison to the adsorption o f phenol from aqueous solution, the literature on the 
adsorption o f non-ionic surfactants on carbon is relatively limited. The surface activity 
and the larger size o f these molecules offer more options for removal than for phenol. 
Along with the adsorption using classic adsorbents, such as: mesoporous silica^ "*; carbon
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blacks^®; and activated carbons^®, other adsorbents, such as synthetic rubber can also be 
considered^^ as a low cost alternative. Another option that can be more easily applied to 
surfactant molecules is nanofiltration^*. Nanofiltration has been shown to achieve 
rejection rates o f  up to 98% for single and mixture surfactant solutions {i.e. up to 98% o f  
the surfactant is unable to pass through the filter membrane), and this technology also 
allows the recovery and reuse o f surfactants. Activated carbon cloth is also effective in 
the removal o f surfactants from aqueous solution^ .^ The adsorption o f the anionic 
surfactants was more efficient under acidic conditions as would be expected and the 
addition o f an electiolyte, NaCl in this case, decreases the adsorption capacity o f the 
activated carbon cloth for the anionic surfactants studied. Other researchers have found 
that electrolytes can increase the adsorption o f surfactants by lowering the critical micelle 
concentration so that micelles are formed on the surface o f the adsorbent and the result is 
a significantly increased adsorption capacity for these molecules^**. The adsorption o f  
anionic, cationic and non-ionic surfactants onto fly ash carbon (used as an additive in 
concrete paste to remove surfactants) has been found to be affected by oxidation o f the 
carbon surface^®. This study found that the oxidation o f the carbon surface in air or by 
ozone suppresses the adsorption o f surfactants and the authors suggest that the adsorption 
o f surfactants primarily occurs on non-polar carbon surfaces, where the adsorption is 
driven by hydrophobic interactions {i.e. the hydrocarbon chain o f the surfactant molecule 
interacts with the surface o f the carbon). In the analysis of the adsorption of Trition X- 
100 (an octylphenol ethoxylate) from aqueous solution by carbons, Denoyel and co- 
workers^* observed that at very low coverage the adsorption is strongly exothermic, 
corresponding to adsorption in the narrowest pores. They suggested that after this initial 
phase the exothermic adsorption o f the surfactant continues, but on less energetic 
adsorption sites, and a second interaction begins to occur: the lateral interaction between 
the hydrocarbon chains o f molecules already adsorbed. This interaction is thought to be 
endothermie for the carbons with the least amount of porous structure, i.e. the carbon 
blacks studied. As the coverage increases this endothermie effect becomes more 
dominant and an endothermie plateau was observed in the differential enthalpy at a 
surface coverage of greater than 0.6.
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3.1.4. Objectives
Chapter III of this thesis is concerned with the adsorption o f the model pollutant, phenol, 
and the adsorption o f nonylphenol ethoxylates by the adsorbents prepared in Chapter II. 
The behaviour o f the MastCarbon and Darco G-60 adsorbents is studied in the adsorption 
of phenol and some short-chained 1,4-alkylphenols under varying conditions of  
temperature and pH as well the concentration o f the selected pollutants. The effect o f the 
surface chemistry o f a carbon can have a dramatic effect on the adsorption of  
phenols^’***’*^ ’^ '^^ ®, and therefore the effect o f different activation regimes on the physical 
and chemical nature o f the carbon surface and the subsequent effect on the degree of  
adsorption of phenol was studied. The adsorption o f the selected nonylphenol ethoxylate, 
Igepal® CO-520, a nonylphenol ethoxylate with an average o f  five ethoxylate units 
(NP5EO), was to be investigated. The effects o f temperature and pH were also to be 
investigated in terms o f the selectivity o f the adsorbents for NPEOs of different EO 
chain-lengths. The adsorption performance o f the TiOi/C composites, prepared in 
Chapter II, was also to be studied for both phenol and NP5EO in preparation for the 
application o f the Ti02 /C composites in the photooxidation o f the selected pollutants in 
Chapter IV.
3.2 Experimental
3.2.1. Materials
Two samples o f MastCarbon microspheres were received from MastCarbon Ltd. The first 
batch an un-activated carbon sample with particle size between 250 and 500 pm and a 
BET surface area (Sbet) o f 546 n?  g *. The second batch of MastCarbon microspheres 
was activated by CO2 at 1223 K and had a surface area o f 737 m  ^ g'* and was sieved to 
give particles between 75 and 250 pm. The activated carbon Darco G-60 was obtained 
from Sigma-Aldrich and more details o f this were given in Section 2.2.1. The adsorbates 
used in this work (i.e. phenol, /?-cresol, 4-ethylphenol, 4-propylphenol and Igepal® CO- 
520 (nonylphenol ethoxylate with an average o f five ethoxylate units)), were obtained 
from Sigma-Aldrich and were used as received. The solvents used for High Performance
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Liquid Chromatography (HPLC) {i.e. hexane, dichloromethane and methanol) were all 
HPLC grade and obtained from Fisher-Scientific.
5.2.2. Apparatus
Kinetic experiments were carried out in a Pyrex jacketed reactor equipped with a 
magnetic stirrer, a thermometer and a sampling needle and syringe.
Sampling NeedleThermometer
Water In 1=0=34-"T
Water Out
Water Jacket
Magnetic Stirrer
Fig. 3.2.2a The kinetic reactor used to make all measurements o f the rate o f uptake of 
phenol or NPEO by the adsorbents.
The cylindrical reactor (internal dimensions: 50.8 x 127 mm) containing 250 cm  ^ o f  
solution was stirred at 60 rpm ± 2 rpm by a magnetic stirrer (25 mm) was held at the 
desired temperature by pumping water at 120 cm  ^ min'* through the water jacket o f the 
reactor from a water bath maintained at the desired temperature ± 1 K. The temperature 
of the solution in the kinetic reactor was monitored to within 0.5 K.
The HPLC system used for the analysis o f the nonylphenol ethoxylates was a Varian 
ProStar system with a 9010 solvent delivery system, a 9100 autosampler and a 9065 
photodiode array UV-Visible detector all controlled with a Varian ProStar Workstation. 
The column used was a Supelcosil LC-Diol 25 cm x 4.6 mm obtained from Sigma- 
Aldrich, the mobile phases used were: A: hexane, B: dichloromethane: methanol (7:3), 
with a gradient o f A:B = 90:10 to A:B = 65:35 in 10 min. A flow rate o f 1 cm  ^min‘* was
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used and the detector was set to measure at a wavelength o f 273 nm. This method was 
adapted from Supelco (Sigma-Aldrich) Application Note 117^ ®.
3.2.3. Procedures
3.2.3.1. Adsorption Isotherms
The first batch o f MastCarbon microspheres was used to characterise the performance of 
the carbon microspheres in adsorption o f phenols from solution. The second batch was 
used for more extensive characterisation and the preparation o f the TiOz/C particles.
Using the first batch o f MastCarbon microspheres the adsorption o f phenol and three 4- 
alkylphenols was determined to ascertain the trend in the monolayer coverage of the 
carbon surface as the chain length o f 4-alkylphenols increased. This information is 
required because the solubility o f the longer alkylphenols in water is extremely low and 
so the adsorption isotherms are extremely difficult to measure. The adsorption isotherms 
of phenol and three short chained alkylphenols (i.e. j9-cresol, 4-ethylphenol and 4- 
propylphenol) were compiled without any pH control. For each point on the respective 
adsorption isotherms, 0.1 g o f MastCarbon was pre-wetted with 5 cm  ^ o f water. The 
resulting slurry was then contacted with 20 cm  ^ solution o f the adsorbate o f known 
concentration and stirred at 100 rpm for 3 days at 298 K. The adsorbate concentration at 
equilibrium was determined by UV absorption. The UV-visible absorption measurements 
carried out for the determination o f the adsorption isotherms was carried out using a Cecil 
8020 UV-visible spectrometer. The concentration o f the adsorbates was determined by 
calibration o f the instrument at the adsorption maximum, 270.0, 277.5, 276.5 and 
276.8 nm for phenol, p-cresol, 4-ethylphenol and 4-propylphenol respectively (see 
Appendix A for calibration curves).
The second batch o f MastCarbon microspheres received (along with Darco G-60 and the 
prepared P25/C samples) was characterised by the adsorption of phenol and NPEO at 
three temperatures. Adsorption o f phenol was carried out by contacting 0.1 g o f the 
adsorbent with 20 cm  ^ o f phenol solution o f known concentration and buffered at pH 7.
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The solution was agitated at a pre-determined temperature (298 K, 308 K, or 318 K) for 
3 days before the adsorbent was filtered from the solution and the phenol concentration 
was determined by UV-absorbance at 270 nm. The adsorption o f NPEO was carried out 
using the same method, except a buffer was not used and the pH o f solution was not 
controlled. The concentration o f NPEO was determined by UV-absorbance at 275 nm.
3.2.3 2. Adsorption Kinetics
For measurement o f the kinetics o f adsorption 2 g of the adsorbent (MastCarbon spheres, 
Darco G-60 or the Ti02/C composites) was pre-wetted by contact with 5cm  ^ o f double 
distilled water at 353 K for 10 minutes. In the case of adsorption o f phenol the wetted 
adsorbent was then added to 250 cm  ^ o f 0.001 mol dm'  ^ (0.002 mol dm'  ^ and 0.004 mol 
dm"^  initial concentrations also used) phenol solution buffered at pH 7 and a pre­
determined temperature (298 K, 308 K, or 318 K) and stirred at 60 rpm. A sample of 5 
cm  ^ o f solution was taken through a 5 pm syringe filter at intervals and the phenol 
concentration was determined by the UV-absorbance at 270 nm. For the adsorption o f  
NPEO, the wetted adsorbent was added to 250 cm  ^ of 500 ppm NPEO solution at a pre­
determined temperature (298 K, 308 K, or 318 K) and stirred at 60 rpm. A sample o f 5 
cm  ^ o f solution taken through a 5 pm syringe filter at intervals and the NPEO 
concentration was determined by the UV-absorbance at 275 nm. Secondary analysis o f  
the NPEO solutions was carried out by HPLC to determine the distribution o f ethoxylate 
chain lengths in solution and hence any selectivity of the adsorbent for the different 
ethoxylate chain lengths.
3.2.3 3. Activation and Surface Modification of the Carbon Adsorbents
Batches o f MastCarbon microspheres were subjected to an air or CO2 activation in order 
to determine the difference each o f these treatments have on the surface area, the surface 
functionality and the phenol uptake fi*om aqueous solution. The air activation o f the 
carbon was carried out at 723 K in static air with regular agitation. The activation by CO2 
required a much higher activation temperature (1123 K) in a CO2 atmosphere with a flow 
rate o f 120 cm  ^ min'\ In order to determine the effect o f the surface chemistry o f an
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activated carbon with out dramatically affecting the physics o f the carbon surface, the 
activated carbon Darco G-60 was subjected to a reducing treatment in order to remove a 
large proportion o f the acidic functional groups whilst maintaining the same surface area 
and pore size distribution. This was achieved by heating a sample o f Darco G-60 under 
vacuum (approximately 0.1 Pa) at 10 K min"^  to a temperature o f 1073 K and holding 
there for 1 h. The reduced Darco G-60 was only exposed to air when it had cooled down 
to room temperature. In order to characterise the products o f activation and surface 
modification the carbons were characterised by mass-loss, surface area as determined by 
the use o f an ASAP 2010 (see section 2.3.1), surface functionality as determined using 
the Boehm method^  ^ (see section 2.3.6) and phenol adsorption isotherms at 298 K that 
were measured using the method above.
3.3 Results and Discussion
3.3.1. Adsorption of Phenols by MastCarbon Microspheres
The extent o f adsorption for phenol, /?-cresol, 4-ethylphenol, and 4-propylphenol was 
measured at 298 K on the ‘as received’ MastCarbon microspheres.
As can be seen from the shape o f the isotherm in Fig. 3.3.1a, the adsorption o f phenol on 
MastCarbon spheres is Langmuirian and so a plot o f C/riads against C gives a straight line 
of slope 1/noo and the intercept gives l/Â^ Woo. The gradient from the Langmuir isotherms 
for the respective alkylphenols was used to give the number o f moles at complete 
coverage (««) o f the carbon microsphere surface for the respective 4-alkylphenol.
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Fig. 3.3.1a. Adsorption isotherm for phenol on MastCarbon microspheres at 298 K.
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Fig. 3.3.1b. Linear Langmuir plot for phenol adsorption isotherm on MastCarbon 
microspheres at 298 K.
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Table. 3.3.1a. Linear Langmuir values for some short chained alkylphenols
Compound Gradient, l/Wc» 
(g mol *)
Adsorbed Cone, 
(pmol m^)
Area per Molecule 
(nm^>
Phenol 6799 2.69 22.4
j7-cresol 5712 3.20 18.0
4-ethylphenol 6142 2.98 20.2
4-propylphenol 6979 2.62 22.9
The plot o f the maximum uptake per unit area against the number o f carbons in the alkyl- 
chain shows the trend for adsorption o f short chained alkylphenols on MastCarbon 
microspheres. There appears to be a maximum for p-cresol.
3.4
E 3.2 -I•I 3.0 HIc  o01« 2.6< 2.8
2.4
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Carbon Number
Fig. 3.3.1c. Variation in the number o f moles o f adsorbate at maximum coverage o f 
MastCarbon microspheres, at 298 K, per unit area (Woo) with the length o f the alkyl-chain 
for some short chained 4-alkylphenols.
The trend in the extent o f adsorption o f 4-alkylphenols shows a maximum monolayer 
coverage for /7-cresol and then the molar monolayer coverage begins to decrease as the 
alkyl-chain length increases. The initial increase in monolayer coverage may be due to 
the donation o f electron density to the aromatic ring, increasing the strength o f the
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interaction between the alkylphenol and the carbon surface or the interaction between the 
alkyl-chain and the carbon surface. Thus there is an increase in the strength of interaction 
as the chain length increases. The decreasing molar monolayer coverage for the longer 
chained alkylphenols can be explained by the increase in the steric bulk o f the 
alkylphenols; each 4-alkylphenol molecule physically takes up more space on the carbon 
surface as the chain length increases.
Table 3.3.1b. Some properties o f 4-alkylphenols and the monolayer coverage on
lastCarbon microspheres.
Compound Water Solubility 
(mol dm" )^*
Adsorbed Concentration 
(pmol m^)
Phenol 1.08 2.69
p-cresol 0.20 3.20
4-ethylphenol 0.07 2.98
4-propylphenol 0.01
TU . . ........ -..— — ■“ ----- ^
2.62
The increasing strength o f interaction between the carbon adsorbent and the 4- 
alkylphenols as the alkyl chain length increases is not adequately explained by the first 
stage o f the Mattson and Mark m ech a n ism o f adsorption for phenolic molecules. The 
formation o f a charge-transfer complex with the phenolic molecule acting as an electron 
acceptor would be inhibited by electron donating groups substituted onto the aromatic 
ring. It can be seen from the data in Table 3.3.1b that adsorption is not inhibited by the 
electron donating alkyl groups. The alkyl-chain will, however, interact strongly with the 
surface o f the carbon adsorbent in preference to interactions with the aqueous solvent. 
The level o f ‘dislike’ the alkylphenols have for water can be seen by the rapid decrease in 
water solubility with increasing alkyl-chain length (see Table 3.3.1b). The increased 
strength o f interaction with the relatively non-polar carbon adsorbent and the ‘dislike’ for 
any interaction with the aqueous solvent will be the driving force behind the high level o f  
adsorption o f alkylphenols.
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This trend is expected to continue as the alkyl-chain length increases. The attraction 
between the longer chained alkylphenols and the carbon surface will continue to increase, 
but the steric bulk will also increase, the result will be an overall decrease in the molar 
monolayer coverage.
3.3.1.1. Air and CO2 Activation of Batch 1 MastCarbon Spheres
The mass loss o f the carbons due to the activation process is used to differentiate between 
carbons activated to a different degree (examples can be seen in Table 3.3.1.1a). The 
percentage mass loss and the activation regime used gives the sample name i.e. a carbon 
activated in air with a mass loss o f 20% would be labelled as C020AA. The surface area 
and average pore size (as measured by an ASAP 2010 using the BJH theory^ )^ are shown 
in Table 3.3.1.1a.
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Fig. 3.3.1.1a. BET isotherms for air-activated MastCarbon microspheres.
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Table 3.3.1.1a. Comparison o f the surface area o f air-activated spheres with different 
degrees o f burn-off.
Sample S bet
(m =g')
Total Pore 
Volume (cm^ g"*)
Average Pore 
Diameter (nm)
Non-Activated 546 ± 8 0.63 4.6
20% Air-activated C020AA 730 ± 10 0.76 4.1
C035AA 842 ± 4 0.84 4.5
C048AA 893 ± 12 1 .12 4.9
The BET adsorption-desorption isotherms and the average pore diameters show that the 
distribution o f pore diameters is largely unchanged during the activation process. The 
distribution o f pore diameters is narrow with the non-activated MastCarbon spheres and 
remains so even after burning off 48wt% o f the carbon. The following BJH pore size 
distribution plot does not take micropores into account (diameter < 2 nm) but it does give 
an indication o f how the activation o f the carbon proceeds through the mesopores. The 
first thing to note from the pore size distribution (Figure 3.3.1.1b) plot is a general 
increase in the volume o f pores at all diameters measured for the activated sample. 
Secondly, there is a significant increase in the volume of pores (the large peak at ~20 nm) 
on activation and this peak is broadened and shifted to larger pore diameters.
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Fig. 3.3.1.1b. Pore size distribution or BJH dV/dlog(D) desorption pore volume plot for 
air-activated and non-activated MastCarbon microspheres.
This indicates that the activation progresses by both the opening new pores o f the 
diameter o f the majority o f existing pores, leading to an increase in the height o f the main 
peak, and by increasing the diameter o f existing pores, resulting in a shift in the peak 
position.
Carbon dioxide-activation is generally preferred over air-activation, due to the very high 
surface areas achievable. Initial activation of the MastCarbon spheres achieved a 35% 
bum-off and allows for direct comparison with the air-activated carbon spheres. The 
surface area o f a COz-activated carbon is much greater than a comparable air-activated 
carbon. In the case o f the MastCarbon spheres, the surface area for 35% bum-off air- 
activated spheres is 842 m^  g"% whereas the 35% bum-off COi-activated spheres have a 
surface area o f 1015 m^  g '. Further bum-off by CO2 appears to develop narrower pores 
and so reduces the average pore diameter, and in tum increases the surface area of the 
carbon. The comparisons between the 35% air- and 35% COz-activated MastCarbon 
spheres continue through the analysis o f the surface functional groups and measurement 
of the phenol adsorption isotherms.
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Table 3.3.1.1b. Comparison o f the surface area ( S b e t )  and average pore diameters of 
carbon spheres before and after C02-activation.
Sample S bet
(m =g')
Total Pore 
Volume (cm^ g‘ )^
Average Pore 
Diameter (nm)
Non-Activated 546 ± 8 0.63 4.6
35% COz-activated C035CO2 1015± 15 1.05 3.9
C040C02 1152± 17 1.14 3.8
C035CO2 C040C02
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Fig. 3.3.1.1c. BET isotherms for C02-activated MastCarbon microspheres.
The surface chemistry o f the air- and COz-activated carbon microspheres was 
investigated using Boehm titrations; the method used is described in Section 2.3.6. The 
ratio o f functional groups in terms o f acidic to basic gi'oups was as expected. The air- 
activated carbons have a more acidic surface, whereas the COz-activated carbons have a 
more basic surface with much less total functionality than the air-activated carbon 
spheres.
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Fig. 3.3.1.Id. The results o f Boehm titrations o f activated carbon spheres showing the 
functional groups on the carbon surface.
On the air-activated spheres, acidic functional groups dominate, as expected, but there are 
still a large proportion o f basic functional groups on the surface. The exact nature o f these 
functional groups is unknown. However they are most likely to be carbonyl and ether 
groups. The COz-activated carbon surface is dominated by basic functional groups with 
some degree o f acidic functionality, the presence of which may be explained by the 
exposure of the carbon to air prior and during the investigation o f the surface chemistry 
of the carbons surface, as the activation process is expected to remove any acidic 
functional groups from the surface'^. For the comparison o f the two activation methods 
{i.e. air- and COz-activation) and the effect these will have on the possible application of  
the activated carbon microspheres the phenol adsorption isotherms were measured on the 
carbon samples C035AA and C035CO2.
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Table 3.3.1.1c. Comparison o f the gradients for Langmuir plots o f the uptake o f phenol 
onto air- and COz-activated carbon spheres at 298 K.
Activated S bet Adsorbed Cone, Area per Maximum Phenol
Carbon (pmol m“^ ) Molecule (nm^) Mass Uptake
C035AA 842 ± 13 1.70 35.4 13.4%
C035CO2 1074± 15 Z 8 6 21.1 28.8%
A more dramatic comparison o f these two carbons is the phenol mass uptake. The surface 
area o f the COz-activated carbon spheres is much greater than the air-activated spheres 
and the amount adsorbed per square metre is also greater (see Table 3.3.1.1c).
The large differences in the monolayer coverage for the activated carbon C035AA and 
C035CO2 can only be explained in terms o f the surface chemistry o f the two activated 
carbons. The air-activated carbon with a majority o f acidic surface functional groups has 
a much lower uptake than the COz-activated carbon with a majority o f basic surface 
functional groups. This trend has been seen by many other research groups^’^ ®’^ ’^'*^ ’'^ ^
The best results for the adsorption o f phenol from an aqueous solution would be by the 
COz-activation o f the carbon to be used. This activation method creates a much higher 
surface area for the carbon and also creates favourable surface chemistry {i.e. less acidic 
functional groups than air-activation). The activation o f carbon using COz however 
requires the use o f much higher temperatures than air-activation with cost implications. 
The costs are especially important knowing that oxidation o f the carbon surface takes 
place when the activated carbon is held in storage prior to use. Therefore, a carbon 
activated in a COz atmosphere, could unfortunately, by the time it is used, have the 
surface chemistry characteristics that would be expected for a carbon activated in air.
3.3.2. Adsorption of Phenol by TiOJC Composites and their 
Carbon Adsorbent Precursors
In this section the adsorption o f phenol from aqueous solution at pH 7 is used in the 
characterisation of the carbon adsorbents used as supports for the TiOz/C systems
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prepared and characterised in Chapter 2 and the TiOz/C systems. The purpose o f this 
work was to allow direct comparison o f  the adsorbent characteristics o f the MastCarbon 
microspheres and the prepared TiOz/C systems with the literature as well preparing for 
the application o f the TiOz/C systems in the photoreactor (see Chapter IV).
Table 3.3.2a. The surface area and the phenol monolayer coverage at 298 K for the five 
adsorbents studied.
Carbon or TiOz/C S bet (m^ g ’ )^ Phenol Monolayer 
Capacity (pmol m' )^
Mass Uptake 
(%wt)
MastCarbon Spheres 737 ± 14 3.13 21.7
Darco G-60 1000 ± 1 4 2.06 19.4
Reduced Darco G-60 1000± 13 2.47 Z 1 2
P25/Mast Spheres 457 ± 9 3.11 13.4
P25/Darco G-60 655 ± 10 2 ^ 2 17.4
Table 3.3.2a shows the monolayer coverage seen in the adsorption o f phenol on the five 
different adsorbents at 298 K. The differences in the monolayer coverage can be 
explained in terms o f the surface chemistry using the same arguments as in Section 
3.3.1.1 for the adsorption of phenol by activated MastCarbon spheres. The difference in 
the surface capacity o f Darco G-60 and the reduced Darco G-60 is a very clear indication 
o f the effect o f surface functionality on the uptake of phenol. Both these carbons have the 
same surface area and pore size distribution; the only difference between the two carbons 
is the nature o f surface hmctional groups (see Fig 3.3.2a).
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Fig. 3.3.2a. Simplified Boehm titration o f the surface functional groups o f Darco G-60 
and the reduced Darco G-60.
The functional group distribution for the two carbons shows that the reducing treatment 
o f Darco G-60 has removed over half o f the acidic functional groups from the surface and 
generated more basic sites. This large decrease in the surface acidity seems to be 
responsible for the approximately 25% increase in the phenol monolayer coverage on the 
reduced Darco G-60 over the as received Darco G-60. Coughlin and Ezra also showed 
that surface treatments which altered the amount o f chemisorbed oxygen on the surface of 
a carbon have a strong effect on the adsorptive capacity for phenol^’*®. They observed a 
good correlation between the total acidity o f the carbon surface and the percentage o f the 
carbon surface which was covered by phenol molecules. However, a 24% increase in the 
number o f basic surface functional groups was observed by the Boehm titrations. This 
would result in a corresponding increase in the number o f sites available for the 
formation o f charge-transfer complexes with phenol molecules. The 25% increase in the 
adsorption of phenol cannot wholly be explained by an increase in the number o f basic 
functional groups and so the removal o f acidic groups from the surface must also increase 
the adsorption o f phenol by increasing the charge available in the graphitic basal planes
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for n-n interactions as described by both Coughlin and Ezra, and Mattson and Mark. This 
evidence appears to support the mechanism proposed by Mattson and Mark^ .^ However 
more data will be required to confirm these findings.
The adsorption of phenol by the two TiOz/C composites shows that the support has a 
gieat influence o f the degree o f adsorption, as would be expected (i.e. that MastCarbon 
based TiOz/C system has a higher monolayer coverage than the Darco G-60 based 
system). The TiOz/Darco G-60 system however, shows a large increase in the monolayer 
capacity over the carbon support alone. Again this difference in monolayer capacity per 
square metre can be explained in terms o f the surface chemistry; the coating o f the carbon 
support with a new layer o f carbon and the use o f high temperatures in the preparation o f  
the TiOz/C particles will both act to reduce the concentration o f acidic functional groups 
on the carbon surface o f the TiOz/C particles. The Boehm titrations o f the TiOz/C 
particles and their supports can be seen in Fig. 2.4.4a.
The percent mass uptake more relevant to real applications o f carbons as adsorbents (i.e. 
phenol uptake per unit volume is the usual term used for industrial applications as the 
amount o f carbon used is determined by the volume o f the adsorber system but these 
values were not available). Phenol uptakes o f around 20wt% are observed for the thiee 
uncoated adsorbents (Table 3.3.1.2a). The coating reduces the surface area o f the 
adsorbent by ca. 35% and although the monolayer capacity (in moles adsorbed per m )^ is 
high for the TiOz/C composites, the gravimetric uptake o f phenol decreases. However, 
the gravimetric phenol uptake for the TiOz/Darco composite is still very respectable 
(I7.4wt%).
The isosteric heat o f adsorption o f a species from aqueous solution can be determined by 
using the Clausius-Clapeyron equation:
A H f { T , c ) = - R T A Inc
A T
(9)
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However, after attempting to apply this equation to the adsorption of phenol from 
aqueous solution at three different temperatures (298 K, 308 K and 318 K) the author 
discovered that the errors involved in determining the solution concentration o f phenol at 
any particular concentration o f phenol on the surface o f  the carbon adsorbent were large. 
The phenol adsorption isotherms on these particular adsorbent are particularly steep in 
the low concentration range and curve sharply to the plateau (as can be seen from Fig. 
3.3.1a). The three isotherms studied only diverge for a short range as the isotherm at 
318 K approaches the plateau. This severely restricts the data available to determine the 
isosteric heats o f adsorption, as this can only be calculated for a narrow range o f surface 
coverage. The isosteric heat o f adsorption o f phenol from aqueous solution by 
MastCarbon spheres at pH 7 and in the temperature range of 298-318 K was determined 
at a surface concentration o f 1.5 mmol g"^  (monolayer coverage at 298 K = 2.3 mmol g' )^ 
to be -22 kJ m o f\ Enthalpies o f adsorption < -25 kJ moF  ^ are generally taken to signify 
physical adsorption (chemical adsorption is generally accepted to occur with an 
adsorption enthalpy value o f greater than -40 kJ mol'^). Although a value o f -22 kJ moF  ^
appears to be reasonable for the isosteric heat o f phenol adsorption onto a carbon 
adsorbent there is expected to be a large error in this value and Cases et. al."^  ^ state that 
“[t]he use o f the classical Clausius-Clapeyron equation for determining isosteric heats of 
adsorption after measuring adsorption isotherms at different temperatures is not adapted 
to the solid-aqueous solution interface” and “[t]he determination o f adsorption or 
‘displacement’ enthalpies ... can only be achieved by using particular calorimetric 
methods such as titration microcalorimetry or liquid flow microcalorimetry”. The author 
fully agrees that calorimetric techniques are required to determine the isosteric heats o f 
adsorption for the fully range o f surface coverage and as these were unavailable such 
values have not been determined for the adsorbents and adsorbates under study in this 
body o f work.
3.3.3. Effect of pH on the Adsorption of Phenoi
The adsorption o f phenol by MastCarbon microspheres, Darco G-60 and Reduced Darco 
G-60 was measured as a single point (0.01 mol dm"^ ) at eight different initial pH values to
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determine the effect pH has on the extent o f phenol adsorption on these adsorbents and to 
provide more information on the optimum conditions for the application o f these 
adsorbents. This information was sought to understand the mode o f adsorption of phenol 
molecules onto the carbon surface.
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Fig. 3.3.3a. The effect o f pH on the adsorption o f phenol from aqueous solution on three 
adsorbents (error in measurement o f pH = ± 0.15).
All three adsorbents all show the same trend in the amount o f phenol adsorbed at 
different initial pH values. As the pH increases from 3 to 5 there is a steady increase in 
the amount o f phenol adsorbed by the adsorbents. At pH 6 there is a decease in the 
amount o f phenol adsorbed for all the adsorbent. However, this drop in amount adsorbed 
is much more pronounced in the case o f the MastCarbon microspheres than for the Darco 
G-60 based adsorbents. Following this decrease, there is a sharp increase in the amount of  
phenol adsorbed at pH 7. As the pH increases further and the solution becomes basic, the 
acidic phenol molecules (as well as the acidic functional groups on the surface o f the 
carbons) are deprotonated. As this occurs there is a large increase in the electrostatic 
repulsion between the carbon surface and the phenolate anions in solution. Thus there is a 
large decrease in the amount o f phenol adsorbed at pH 10. Figure 3.3.3a demonstrates 
that the adsorbent operates most effectively at or very close to pH 7. However, there is
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little difference in the amount o f phenoi adsorbed by these adsorbent throughout the 
range o f pH 3 to 9, it is only when the pH reaches a value o f 10 that electrostatic 
repulsion between the carbon surface and the phenolate anions becomes more prominent 
and the amount o f phenol adsorbed is dramatically decreased.
The surface chemistry o f Darco G-60 and the reduced Darco G-60 is shown by Boehm 
titration in Figure 3.3.2a. Although there is a difference in the nature o f the dominant 
functional groups on the surface o f  these two carbons the trend in the adsorption o f  
phenol with changing pH is identical. Indeed the MastCarbon microspheres also follow 
this same trend (Fig 3.3.3a). This gives the strongest indication that the adsorption o f  
phenol by carbons, regardless o f the exact carbon surface chemistry, is the same.
3.3.4. Rate of Phenol Adsorption
The kinetics o f adsorption o f phenol was studied on the two carbon adsorbents and the 
two prepared P25/C systems. Figure 3.3.4a shows the uptake o f phenol by the carbon 
adsorbent and the TiOi/C composites. What is immediately evident is the high 
performance o f Darco G-60 compared to the MastCarbon microspheres. This is a very 
clear indication o f the degree o f activation that these two adsorbents have received (i.e. 
Darco G-60 is activated to a much higher degree than the MastCarbon microspheres) that 
results in a much more rapid uptake o f phenol.
The commercial activated carbon Darco G-60 has a more developed mesoporous 
structure, with the volume o f pores with a diameter between 1.7 and 300 nm o f  
0.40 cm  ^g'^  whereas MastCarbon spheres have a volume o f 0.34 cm  ^g'^  for pores o f this 
diameter. Enhancement o f the mesoporous structure o f MastCarbon spheres, by either the 
incorporation o f more pore-forming agent during their manufacture or the activation o f  
the carbon to a higher degree, will vastly improve the kinetics o f phenol adsorption.
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Fig. 3.3.4a. The adsorption o f phenol from aqueous solution at pH 7 by the four 
adsorbents as a function o f time.
The TiOi coating on the carbon adsorbents decreases the initial rate o f phenol uptake. 
However, the plots reflect those o f the parent adsorbents indicating that the nature o f the 
parent adsorbent is important in determining the rate o f phenol uptake for the TiOi/C 
systems. Analysis o f the rate o f adsorption was carried out by plotting the integrated rate 
laws for each reaction in order to determine the order o f reaction and then the relevant 
rate constant.
3.3.4.1. Rate Constants and Half Lives
The kinetic data from the adsorption o f phenol by all four adsorbents fitted the integrated 
first-order rate equation as is demonstrated for the adsorption o f phenol by MastCarbon 
microspheres in Figure 3.3.4.1a.
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Fig. 3.3.4.1a. Plot o f the integrated first-order rate equation for the adsorption o f phenol 
by MastCarbon microspheres at 298 K and pH 7 (all the other plots o f ln[A]/[Ao] against 
/ can be found in Appendix B).
The initial rate constants are determined from the gradient using Equation (2) and these 
along with the first-order half-life o f the adsorption of phenol are given in Table 3.3.4.1a. 
The initial rate constants and half-lives summarise Figure 3.3.4a, the rate constants for 
the Darco G-60 based adsorbents are better than the MastCarbon based adsorbent. Indeed 
the half-life for Darco G-60 is less than 20% of the half-life for phenol adsorption on 
MastCarbon spheres. This would massively influence the decision on which o f the two 
adsorbents to choose for any application. The reason for the large difference in the rate of 
adsorption comes down to the amount o f available surface area ( S b e t  Darco G-60 = 
1000 m^  g'^  and Mast = 747 m^  g"') and the pore size distribution (see Section 2.4.2), the 
pore volume and pore size distribution for Darco G-60 is much greater than for the 
MastCarbon spheres, as was stated in the previous section the method and extent o f the 
activation of the carbon has a large impact on the pore structure o f the resultant activated 
carbon and thus it will have an impact on the initial rate o f adsorption. As will be 
discussed more thoroughly in Chapter V, a more extensive activation o f both the
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MastCarbon microspheres and Darco G-60 will result in improved adsorption capacities 
and initial rates o f adsorption. Other properties o f the adsorbent also need to be 
considered when deciding upon the degree o f activation the adsorbent undergoes. The 
resistance o f the adsorbent to attrition is particularly important to large scale application 
o f carbon beds, the losses from attrition need to be replaced and consumers of activated 
carbons will be reluctant to order a carbon with a low attrition resistance carbon due to 
the cost implications o f continuously replacing the carbon which is lost. Very high levels 
o f activation severely weaken the structure o f the carbon particle and careful 
consideration needs to be given to the balance between the performance o f an adsorbent 
and the strength o f the structure o f the particle.
Table 3.3.4.1a. The initial first-order rate constants and half-lives for the adsorption of 
phenol at 298 K for four adsorbents.
Adsorbent k (s') Half-Life (min)
MastCarbon spheres 1.4 X 10'^  ± 0.2 X 10“'’ 82.5 ± 0.5
TiOi/Mast 1.0x10“^ ± 1 .1 x 1 0 “^ 88.9 ±7.5
Darco G-60 7 .8x10 “^ ± 8 .9 x 1 0 “^ 14.8 ±1 .7
TiOz/Darco 3 .8x10 “^ ± 4 .5 x 1 0 “^ 30.4 ± 3 .6
There is a clear temperature effect on the rate o f phenol adsorption. This is demonstrated 
in Table 3.3.4.1b, where the half-life o f the adsorption o f phenol at 318 K is less than half 
the half-life for the adsorption at 298 K. Therefore changing the temperature has a 
significant effect on the rate but it also impacts on the maximum uptake for phenol. In 
most applications o f carbon adsorbents and the intended applications for the TÎ0 2 /C 
composites, the temperature o f the system is not controlled, and so the system cannot be 
optimised in this respect. This information is required by the operators o f these systems 
so that the performance o f the system can be predicted during the design phase for any 
new system.
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Table 3.3.4.1b. The integrated initial-first-order rate constant and half-life for the 
adsorption o f phenol by MastCarbon spheres and the monolayer coverage as a function o f  
temperature.
Temperature k ( s ' ) Half Life 
(min)
Phenol Monolayer 
Coverage (pmol m^)
298 K 1.4 X 10’^  ± 2.4 X 10“^ 82.5 ± 0.5 3.13
308 K 2 .6x10 “^ ±8.8x10'^ 44.4 ±1.5 2.48
318K 3.4 X 10'^  ± 5.7 X 10'^ 34.0 ±0 .6 2.19
The activation energy for the adsorption o f phenol by MastCarbon spheres can be 
deduced from the Arrhenius equation:
k  = A , e
-E . ^RT
where k is the rate constant, A is a proportionality constant, Ea the activation energy for 
the reaction, R is the gas constant and T is the temperature. Plotting InA: verses 1/T gives a 
straight line o f -E&/R. From the measurements o f the rate o f adsorption at 298, 308 and 
318 K, the activation energy for the adsorption of phenol by MastCarbon spheres is 
35 kJ m of \  within the range o f physical adsorption (i.e. 5 to 40 kJ mof^).
3.3.5. Adsorption of Nonylphenol Ethoxylates
The development o f a system for removal o f nonylphenol ethoxylates from aqueous 
systems is the ultimate goal o f this thesis. The TiOz/C systems prepared in Chapter II are 
good adsorbents, and the ability o f the adsorbent to remove NPEOs from aqueous 
solution is an important role o f the TiOz/C systems. In order to determine the 
effectiveness o f the TiOz/C systems in the removal o f NPEO, adsorption isotherms and 
the kinetics o f NPEO adsorption are measured for both the coated and uncoated carbon 
adsorbents and the mechanism of adsorption is studied. The information presented here is 
vital for the work in the next Chapter for the determination o f the photocatalytic 
properties of the prepared TiOz/C systems.
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The adsorption NPEO at 298 K compares the five adsorbent (Table 3.3.5a). There is a 
dramatic difference in the amount o f NPEO adsorbed by the different adsorbents, the 
MastCarbon microspheres gives by far the lowest value for monolayer coverage out of all 
the adsorbents. The two Darco G-60 based activated carbons give virtually the same 
monolayer coverage as each other; this is in stark contrast to the adsorption o f phenol 
from aqueous solution where the reduced Darco G-60 has approximately 50% increase in 
uptake over Darco G-60. This is a strong indication that surface chemistry does not play a 
significant role in the adsorption o f NPEOs on these adsorbents. The adsorption 
isotherms of NPEO by the TiOz/C systems also come out with identical values for the 
monolayer coverage and surprisingly the amount o f NPEO adsorbed is much greater than 
the supports both in the case o f MastCarbon spheres and Darco G-60. As is shown by 
comparing Darco G-60 and reduced Darco G-60 the surface chemistry is not an important 
factor in the adsorption o f NPEOs and cannot be used to explain why the TiOz/C systems 
adsorb more NPEO than the adsorbents alone.
Table 3.3.5a. The monolayer capacity o "NPEO at 298 K  on t le five adsorbents studied.
Carbon or TiOz/C S bet g  ') NPEO Monolayer Area per NPEO
Capacity (mg m"^ ) Molecule (nm^)
MastCarbon Spheres 737 ± 14 0.27 101.2
Darco G-60 1000 ± 14 0.35 79.1
Red. Darco G-60 1000± 13 0.35 79.1
P25/Mast 457 ± 9 0.47 55.8
P25/Darco 655 ± 10 0.47 55.8
The increase in uptake o f NPEO for the TiOz/C systems over their supports may be 
explained in terms of size exclusion (i.e. the pore size distribution o f the adsorbent is 
highly important in the adsorption o f NPEOs) as the initial concentrations used to 
determine these adsorption isotherms are above the critical micelle concentration (CMC). 
Typically CMCs are significantly below lwt% for this type o f surfanctant with the CMC 
for Triton X-100 around 150 ppm, for example. Surfactants are most often used at 
concentrations significantly above the CMC (i.e. in the range o f 1 - 5wt%). In order to
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mimic real applications o f NPEO, the initial concentrations used were above the CMC 
with concentrations o f up to 2500 ppm used for the adsorption isotherms.
This size exclusion effect is not seen in the case o f phenol, due to the small size o f the 
phenol molecule. The clearest example o f size exclusion can be seen by the activation o f  
sample of the MastCarbon microspheres to develop further the pore structure. Compare 
the NPEO uptake of this activated MastCarbon sample with the carbon received from 
MastCarbon. Activation o f the MastCarbon spheres in air to give a 47% mass-loss results 
in the surface area increasing to 1206 m^  g * and maximum NPEO adsorption increase to 
317.4 mg g '\  this is a 60% increase in NPEO uptake.
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Fig. 3.3.5a. Pore size distribution or BJH dV/dlog(D) desorption pore volume plot o f  
MastCarbon spheres and 47% air activated MastCarbon spheres.
However, NPEO coverage per square metre o f adsorbent is not being changed by this 
activation process with a capacity o f 0.263 mg m'^  observed. Widening of the pores by 
the activation process has allowed for the adsorption of more molecules o f NPEO unit 
weight o f carbon adsorbent and further activation or the use o f CO2 as the activation gas 
is expected to result in an even higher NPEO uptake by the MastCarbon microspheres. 
Mattson and Mark’^  discussed the adsorption o f larger organic molecules by activated
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carbons and state that “the adsorption capacity o f larger organic molecules stands to 
benefit from ‘complete’ activation of a carbon” which supports the results seen for the 
highly activated MastCarbon spheres in the adsorption o f NPEO micelles.
The size exclusion process may have been dampened in the Ti02/C systems due to the 
method o f preparation. During the coating with PVA and TiO] the smallest pores o f the 
adsorbent supports may have been blocked and then remained blocked during the 
carbonisation o f the PVA. These very narrow pores represent a large contribution to the 
surface area of the adsorbent and the blockage is likely to be the reason behind the 
reduction of the surface area by approximately 35% on coating the adsorbents with 
PVA/P25. The very narrow pores are also likely to be inaccessible to NPEO micelles due 
to their relatively large size. Therefore, the blockage of the narrow pores which contribute 
greatly to the surface area is likely to increase the figure given by the adsorption of 
NPEO.
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Fig. 3.3.5b. Pore size distribution or BJH dV/dlog(D) desorption pore volume plot o f 
TiOz/Mast composite.
Chapter III: Adsorption From Aqueous Solution 116
0.10
D) 0,08
Pore Diameter (nm)
Fig. 3.3.5c. Pore size distribution or BJH dV/dlog(D) desorption pore volume plot o f  
Ti02 /Darco composite.
Analysis o f the pore size distribution o f the Ti02/C composites by N2 adsorption 
indicates that the Ti02 /C composites have a reduction in the volume for the pores with 
the narrowest diameter, as suggested earlier, but there is an increase in the pores at 
diameters about 50 nm which could improve the adsorption o f NPEO micelles. This 
increase in volume for the larger pores is likely to be a result o f the carbonised PVA on 
the surface o f the carbon adsorbent. Further analysis of these samples using mercury 
porosimetry would allow for a more complete analysis o f the macropores o f these 
adsorbents and photocatalyst/adsorbent composites. However, the data gathered from N2 
adsorption indicates that engineering a carbon with wider pores would be beneficial for 
the adsorption o f surfactants in high concentrations.
3.3.6. Effect of pH on the Adsorption of Nonylphenol Ethoxylates
The adsorption o f NPEO by MastCarbon microspheres and Darco G-60 was carried out 
using a single initial concentration (2000 ppm) at nine different initial pH values ranging 
from 3 to 11. The result can be seen from Figure 3.3.6a.
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Fig. 3.3.6a. The adsorption o f NPEO by two adsorbents at initial pH values ranging from 
3 to 11.
The adsorption o f NPEO of a range o f pH gives information on the interactions between 
the adsorbate and the adsorbent. The same trend across the pH scale is seen for both 
adsorbents studied by this method, and indeed the trend at low pH values follows the 
same trend for the adsorption o f phenol from aqueous solution. At pH 7 there is a 
significant drop in the amount o f NPEO adsorbed for both adsorbents. The same 
phenomenon is seen at pH 6 for phenol adsorption. The form of these graphs (Figures 
3.3.3a and 3.3.6a) is highly unusual and may a result o f experimental error. To determine 
the extent o f experimental error the adsorption of NPEO by MastCarbon spheres was 
repeated over the same pH range (Figure 3.3.6b). The two repeats of the experiment fall 
within the error bars for most o f the data points and so the experiment is repeatable. 
Therefore, the trends seen in the amount o f phenol and NPEO adsorbed, by the three 
carbons, as a function o f pH can be considered to be real effects.
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Fig. 3.3.6b. The adsorption o f NPEO by MastCarbon sphere repeated twice at initial pH 
values ranging from 3 to 11.
In the case of the adsorption o f phenol at high pH, electrostatic repulsion becomes 
dominant and the amount o f phenol adsorbed decreases dramatically however, in the 
adsorption o f NPEO electrostatic repulsion is not in evidence at high pH. The lack o f  
electrostatic repulsion between NPEO and the adsorbent at high pH valves can be 
attributed to two things. First, the NPEO molecules are much less acidic than phenol and 
so the degree o f dissociation o f the -OH group at the end o f the ethoxy I ate chain is much 
lower at high pH for the NPEO molecules. Secondly, the ethoxylate chain is highly 
hydrophilic and flexible and so the terminal -OH group does not have to interact with the 
surface of the adsorbent and can instead be in the aqueous solution occupying the rest of 
the porous network o f the carbon adsorbents. Either or both o f these two effects would 
result in maintaining the level o f NPEO adsorbed seen in Fig. 3.3.6a, which is in contrast 
to the adsorption o f phenol which is dramatically affected by both the acidity of the -OH  
group and its location as the pH of solution increases.
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3,3.7. Rate of Nonylphenol Ethoxylate Adsorption
The rate o f adsorption o f NPEO on the four different adsorbents (i.e. MastCarbon 
spheres, Darco G-60, TiOi/Mast and TiOi/Darco) was determined to be first-order and 
the initial rate constants are given in Table 3.3,7a (the plots o f ln[A]/[Ao] against t  can be 
found in Appendix B).
Table 3.3.7a. Initial first-order rate constants for the adsorption o f NPEO by different 
adsorbents at 298 K.
Adsorbent k(s-‘) Half Life (h)
Mast Spheres 
TiOz/Mast 
Darco G-60 
Ti02/Darco
2.5x10'" ±0.28x10'^  
2.2x10'^ ±0.22x10'^  
9.8x10'" ±1.0x10'"  
9.1x10'" ±1.4x10'"
7.7 ± 0.86
8.9 ±0 .90
1.9 ±0 .20  
2.1 ± 0.33
The half-lives for the adsorption o f NPEO are longer than the half-lives for the adsorption 
of phenol, but the same trends are observed. The Darco G-60 based adsorbents out­
perform the MastCarbon sphere based adsorbents and the parent adsorbents out-perform 
the TÎ02/C composites. Neither o f these observations are unexpected; the Darco G-60 
adsorbent has been activated to a much higher degree than the MastCarbon spheres and 
the coating o f the adsorbents with TiOi has a slight inhibiting effect on the performance 
o f the adsorbent.
A significant temperature-dependence in the initial rate of adsorption of NPEO is 
obsei'ved, as was the case for the adsorption o f phenol. This is demonstrated in Table 
3.3.7b, where it can be seen that a 20 K increase in temperature reduces the half-life by 
over a third. The increased half-lives in the adsorption o f NPEO over the adsorption o f  
phenol would result in the design o f an adsorber for application in water treatment would 
have to be scaled depending on the molecules to be removed from the water stream. For 
the same water flow rate an adsorber for removal o f NPEO would have to be significantly 
larger than an adsorber which had to only remove phenol. The same result could be 
achieved by using the same size adsorber and altering the flow rate but the result is the
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same, a system for the adsorption o f NPEO would be significantly more expensive to 
install and operate than for a comparative system for the adsorption o f phenol.
Table 3.3.7b. The initial first-order rate constant and half-life for the adsorption o f NPEO
Temperature k(s-i) Half Life (h)
298 K 2.5x10'" ±0.28x10'" 7.7 ± 0.86
308 K 3.0x10"  ±0.13x10'" 6.3 ± 0.28
318 K 4.0x10'" ±0.57x10'" 4.7 ±  0.69
The activation energy for the adsorption o f NPEO by MastCarbon spheres is 18 kJ m ol'\ 
Again this value is within the range which is indicative o f physical adsorption. The value 
for the adsorption o f phenol by MastCarbon spheres calculated in Section 3.3.4.1 was 
35 kJ mol '. As NPEO is a surface active molecule it is not unexpected that the activation 
energy o f adsorption for NPEO is lower than for phenol adsorption.
A desorption experiment was carried out with NPEO on MastCarbon spheres. 0.1 g o f  
MastCarbon spheres were stirred with 20 cm  ^ o f a 1000 ppm NPEO solution. After 24 h 
the amount o f NPEO adsorbed determined by UY absorbance to be 19.46 mg. To 
measure desorption o f NPEO fi om the surface o f the MastCarbon spheres, 10 cm  ^o f HgO 
was added to the reaction vessel, the mixture was then stirred for 24 h and the new 
concentration o f NPEO was determined by UV absorbance. This process was repeated 
two further times. The amount o f NPEO adsorbed fell with addition o f H2O to 19.19, 
18.92, and then 18.65 mg. This suggests that the adsorption of NPEO on carbon is a 
reversible process.
3.3.8. Adsorbent Selectivity with Nonylphenol Ethoxylates
As was mentioned in the intioduction the production method for NPEO produces 
nonylphenol ethoxylates with a range o f ethoxylate chain lengths. This distribution can 
be seen by analysis o f the NPEOs using chromatography. High Perfonnance Liquid 
Chromatography (HPLC) is used in the analysis o f the Igepal CO-520 used in this work.
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Gas chromatography could have also been used, and is used in Chapter IV, but it has 
some limitations in the analysis o f these compounds due to their low volatility, which 
results in very long retention times and the longest ethoxylate chains are not eluted from 
the gas chromatograph. HPLC on the other hand does not have these limitations and the 
analysis time is short and all the NPEOs present are eluted from the HPLC column.
1 0 0 -
NP5EO
I
Minutes
Fig. 3.3.8a. HPLC chromatogram o f Igepal CO-520 with the NPEO with five ethoxylate 
units identified in the figure.
The use o f HPLC in this way allows the tracking o f the concentration o f each o f the 
components o f the NPEO mixture relative to the concentration o f the NP5EO molecule. 
This method allows the selectivity o f the adsorbent for the different ethoxylate chain 
lengths to be studied not only when the adsorbent and the adsorbate solution are in 
equilibrium but also as the equilibrium position is approached by the analysis of samples 
taken when the kinetics o f adsorption was studied.
In Figure 3.3.8b, the samples taken for HPLC analysis are indicated by the black circles 
and were selected to represent the different stages in the adsorption isotherm. The first
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sample was selected to give the composition o f the solution before contact with carbon 
and the successive samples are taken as the system gets closer to equilibrium.
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Fig. 3.3.8b. The adsorption o f NPEO by MastCarbon microspheres at 298 K over a 3 day 
period (the large symbols show the samples taken for HPLC analysis shown in Fig. 
3.3.8c).
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Fig. 3.3.8c. The distribution o f nonylphenol ethoxylate chain lengths in solution as the 
adsorbent/adsorbate system approaches equilibrium.
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It can be seen from Figure 3.3.8c, above, that the composition of the solution does indeed 
change as the system approaches equilibrium. The decrease in the relative concentration 
of the smaller chained NPEOs with time indicates selectivity o f the adsorbent for the 
shorter chained NPEOs. The relative concentration of the longer chained NPEOs remains 
largely unchanged as the equilibrium position is approached. This selectivity may be 
explained in terms o f the water solubility o f the NPEOs, as the chain length is increased 
then so is the water solubility. The selectivity o f the adsorbent for the shorter chained 
NPEOs reflects the changing solubility by selectively removing the least soluble 
molecules from solution.
3.3.9, Adsorption of Triton X-^100
The adsorption o f another alkylphenol ethoxylate was considered, the commercially 
available Triton X-100, a 1,4-octylphenol ethoxylate with an average o f 10 ethoxylate 
units. The adsorption o f TX-lOO is used simply as a point o f comparison for the 
adsorption o f Igepal CO-520 used in the earlier work. The difference between the 
molecules is a one unit shorter alkyl-chain for TX-lOO that also has twice as many 
average ethoxylate units as Igepal CO-520 in the ethoxylate chain (see Figure 1.2a). The 
adsorption isotherms o f TX-lOO were carried out using the same method as the 
adsorption isotherms for Igepal CO-520.
Table 3.3.9a. The monolayer coverage o f Triton X-100 and Igepal CO-520 on
Adsorbent Igepal CO-520 TX-lOO Area per TX-lOO
Monolayer Capacity 
(mg g*>
Monolayer 
Capacity (mg g' )^
Molecule (nm^)
MastCarbon Spheres 198 198 139.4
Darco G-60 335 391 96.0
Again the adsorption isotherm data are collected with the initial concentration of TX-lOO 
above the CMC (130 ppm) as so the adsorption o f micelles can take place. The less 
developed porous structure o f the MastCarbon spheres means that the uptake o f the two
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adsorbates is equivalent. This is a result o f the limited adsorption o f surfactant micelles 
by this AC, so the total number o f TX-lOO molecules adsorbed is less but as they are 
larger than the Igepal CO-520 molecules and so the resultant mass uptake is the same. 
The more highly developed porous structure o f Darco G-60 is able to adsorb more 
surfactant micelles and so there is a measurable difference between the mass uptake o f  
Igepal CO-520 and TX-lOO for this adsorbent.
3.4. Summary
The initial objectives o f this Chapter were to study the adsorbents in the adsorption o f  
phenols under different conditions and to determine how the preparation o f the carbon 
adsorbents affects the adsorption capacity. In the adsorption o f phenol and alkylphenols, 
it became evident that as the length o f the alkyl-chain increases the adsorption capacity 
becomes dominated by the size o f the molecule as can be seen from Figure 3.3.1c the 
monolayer coverage at 298 K for alkylphenols on MastCarbon spheres peaks with p-  
cresol but as the alkyl-chain increases above one unit the monolayer coverage steadily 
decreases.
The adsorption capacity o f the carbon adsorbents can be improved by the activation of 
the carbon. This was demonstrated by activation of the low surface area MastCarbon 
spheres. Activation in a CO2 atmosphere was found to be superior to air-activation by 
producing a larger surface area and a surface chemistry more suited to the adsorption o f  
phenol. The adsorption capacity o f a commercially-available activated carbon, Darco G- 
60, can be increased by an after-treatment under the right conditions. This was observed 
by the reduction o f Darco G-60, which resulted in a significant change in the surface 
chemistry, a large decrease in the number o f acidic functional groups and an increase in 
the number o f basic groups, and a 25% increase in the uptake o f phenol onto this carbon. 
The adsorption o f phenol by activated carbons is sensitive to pH, with larger reductions in 
the adsorption o f phenol observed at pH values greater than 9. This was observed for all 
the adsorbents regardless o f the surface chemistry and could be a result o f the
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electrostatic repulsion between the phenolate anion and the net negative charge o f the 
carbon surface under these basic conditions.
Two possible mechanisms o f phenol adsorption have been discussed and data presented 
in this Chapter have been related to these two mechanisms during the interpretation. The 
conclusions drawn from the change in extent o f phenol adsorption with a change in the 
surface chemistry o f the adsorbent Darco G-60 were that the Mattson and Mark 
mechanism best fits these findings. Also, the decrease in the adsorption o f phenol, on all 
the adsorbents studied, at pH > 9 can be explained by the Mattson and Mark mechanism. 
The charge-transfer complexes described by Mattson and Mark^  ^ have the phenol 
molecule as the electron acceptor, however, as the pH o f solution changes to values 
greater than 9 the phenol molecule is deprotonated and therefore can no longer act 
efficiently as an electron acceptor. This, along with electrostatic repulsion between the 
phenolate anion and deprotonated acidic surface functional groups, will result in a large 
decrease in phenol adsorption at high pH values. There is still a significant amount of 
phenol adsorbed at these higher pH values, but this is a result o f the interaction between 
Tc-electrons o f the phenol molecules aromatic ring and the graphitic basal planes o f the 
carbon adsorbent as described as the second stage o f phenol adsorption in the Mattson 
and Mark mechanism and as the first stage o f the Coughlin and Ezia mechanism^. The 
author therefore believes that the Mattson and Mark mechanism most accurately 
represents the adsorption o f the phenol molecules on the surface o f carbon adsorbents.
The adsorption capacity o f the Ti02/C composites for phenols was surprisingly good. The 
amount o f phenol adsorbed at 298 K per square metre o f adsorbent surface was 
comparable in the case o f Ti02/Mast and MastCarbon microspheres and the TiÜ2/Darco 
composite was much better than Darco G-60 (see Table 3.3.1.2a). This result is attributed 
to the fact that the carbon adsorbent will make up the vast majority o f  the surface area o f  
the Ti02 /C composite and the method o f preparation (carbonisation in a vacuum at 
773 K) will produce a surface chemistry that is favourable for phenol adsorption (see Fig. 
2.4.4. for the surface chemistry o f the adsorbents). When comparing the phenol mass 
uptake o f the adsorbents, the Ti02 /C composites do not fare as well in comparison with
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the adsorbent precursors. This can be attributed to the 20-26wt% T1O2 present in the 
Ti02/C composites. The TiÛ2 may not contribute much to the surface area, but the 
contribution to the mass o f the composites and the poor adsorption properties o f the 
titania results in poor figures for the phenol mass uptake. The composites have, however, 
been prepaied to maximise the performance o f the carbon adsorbent and provide a stable 
support for the photocatalytic destruction o f organic molecules on the surface o f the 
titania.
The initial rate o f phenol adsorption was determined to be first-order, with Darco G-60 
performing better than the MastCarbon microspheres. The half-lives were determined to 
be 14.8 min and 77.5 min respectively. The adsorbent precursors were better than their 
Ti02/C composites but the differences were not that significant. The kinetics o f  
adsorption has been linked to the pore structure of the carbon adsorbents. Darco G-60 has 
a greater pore volume than MastCarbon spheres and a wider distribution of pore 
diameters. The kinetic performance o f both adsorbents and the TiÜ2/C composites would 
benefit from further activation treatments to widen existing pores and open up new pores 
within the carbon structure.
The adsorption capacity o f  the MastCarbon spheres for NPEO was low in comparison to 
the Darco G-60 and so the carbon spheres were activated further in air to give a 47% 
mass loss. The activation resulted in the formation o f much more pore volume for pores 
in the range o f 12 to 39 nm and the peak o f this region in the pore size distribution is 
shifted when compared to the sample as received (see Fig. 3.3.5a). This activation 
treatment resulted in a large increase in the amount o f NPEO adsorbed per unit weight o f  
the adsorbent and strongly suggests that all the adsorbents would benefit from a more 
thorough activation when being applied to the adsorption o f surfactants. This result along 
with the surprisingly good performance o f the Ti02 /C composites in the adsorption o f 
NPEO indicates that size exclusion is playing a major role. The adsorption o f micelles 
will only take place in large pores and these are developed when the carbon is heavily 
activated. Larger pores have also been created by the carbonisation o f the PVA binder 
during the preparation o f the Ti02/C composites; this is seen in Fig. 3.3.5b and Fig.
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3.3.5c. The adsorption o f micelles results in a much larger adsorption capacity than 
would be expected and so carbons for the adsorption of surfactants should be designed 
and prepared in order to produce these larger pores and maximise the amount o f  
surfactant adsorption.
The effect of pH on the adsorption o f NPEO is minimal when compared to the effect o f  
pH on the adsorption o f phenol. There is no large reduction in the adsorption of NPEO at 
high pH values as was seen for phenol adsorption. The NPEO molecules are much less 
acidic than phenol and so any deprotonation o f the hydroxyl end group on the ethoxylate 
chain will occur to a much lesser extent and the larger number o f interactions possible 
between the adsorbent surface and NPEO will dampen any repulsion effect. Therefore, 
the pH of the feed water into an adsorber for the removal o f NPEO does not require the 
close control an adsorber for the removal o f phenol would require.
The initial adsorption of NPEO from aqueous solution by activated carbon has been 
demonstrated to be first-order. The rate o f adsorption is slower than the adsorption of 
phenol, but this is to be expected. The transport o f NPEO molecules and micelles within 
the porous structure o f the carbons will be slower than the transport o f phenol due to the 
size o f the molecules and their resulting micelles. As was the case for the adsorption o f  
phenol, Darco G-60 out-performs the MastCarbon spheres due to the higher degree o f  
activation and a pore size distribution better suited for application in aqueous phase 
adsorption. The coating o f the adsorbents with a polymer/TiOi layer has resulted in 
slower adsorption by the blocking o f some o f the porous structure o f the carbon but this 
effect is minimal as the carbonisation o f the polymer coating has produced pores with a 
larger diameter, ~50 nm, which are better suited to the adsorption of NPEO.
The use o f HPLC to analyse a NPEO/carbon system fiom before contact through until the 
system reaches equilibrium has shown that the adsorbent has some selectivity for the 
shorter chained NPEOs. The relative concentration o f the shorter chained NPEOs is lower 
in solution at equilibrium than the longer chained NPEOs, which is a clear indicator o f  
the selectivity o f the adsorbent.
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The adsorbent characteristics o f the adsorbents and the TiOg/C composites have been 
studied in this chapter with respect to the adsorption o f phenol and NPEO. A combination 
o f the effects o f solution pH, temperature, adsorbent surface chemistry and pore size 
distribution have been shown to influence the extent and rate o f adsorption. This 
information is crucial for the efficient application o f adsorbents and for this body o f work 
has laid the foundations for the study o f the photocatalytic activity o f the TiOa/C 
composites in the next chapter.
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4.1. Introduction
In the previous chapter the adsorbents were characterised in the adsorption of phenols and 
alkylphenol ethoxylates. This chapter considers the application o f the chosen 
photocatalyst, Degussa P25, and the TiOz/C composites prepared in Chapter II.
4.1.1. Photocatalytic Degradation of Phenols
The basic principals o f photocatalytic degradation o f organic molecules have been 
discussed in Chapter I; this section will highlight some studies o f the photocatalytic 
degradation o f phenol and nonylphenol ethoxylates. As is the case for the study o f  
adsorbents, the photocatalytic degradation o f phenol has received more attention than 
many chemical species. The reasons for using the phenol molecule are much the same for 
study o f both adsorbents and photocatalysts. That is, the phenol molecule has good water 
solubility, is easily detectable by a number o f different techniques (UV absorption, 
HPLC, etc.) and is the parent molecule for a number o f commonly found organic 
pollutants (e.g. chlorophenols, bisphenol-A, cresols, nitrophenols, alkylphenols etc.).
In the photooxidation o f organic pollutants the main question is: which is the oxidising 
entity, a hydroxyl radical or an electron hole? Both may be suggested to initiate an 
oxidative radical mechanism. The electron hole reaction with any C-H containing 
substrate would, in principal proceed via an electron transfer followed by deprotonation, 
as is shown in the example o f methanol oxidation in equation 1.
CH3OH + hcB  ^ -------------► CHsOH’* ------------- ► 'CHzOH + (1)
Hydroxyl radicals are likely to be surface bound to the TiOz. Their formation as a result 
o f oxidation of surface bound hydroxyl groups by holes has been well established \
= Ti-OH' + hvB  ^ ------------------ ►=Ti-OH* (2)
Again methanol can be used to demonstrate the oxidation pathway for hydroxyl radicals.
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CHsOH + *OH -------------► ‘CH2OH + H2O (3)
Chlorinated ethanes are used as the classic example o f the hydroxyl radical versus 
electron hole oxidation pathways. There are reasons to assume that oxidation o f 
chlorinated ethanes occurs via adsorbed hydroxyl radicals rather than holes. One o f them 
is the low efficiency o f CCI3COOH mineralisation when compared to CHClzCOOH^. 
This strongly indicates that direct hole transfer is not the favoured oxidation pathway, as 
this would result in trichloroacetic acid being more efficiently mineralised. However, 
direct oxidation by holes, hvB  ^is suggested to explain the oxidative degradation o f all C- 
H lacking compounds. Direct oxidation o f substrate molecules by holes is, in principle, 
quite feasible considering the highly positive redox potential o f hvB .^ This reaction does, 
however, have to compete with the oxidation o f surface bound hydroxyl groups (Eq. 2). 
In conclusion, both oxidative routes, namely by 'OH and hvB ,^ seem possible. Their 
relative significance in the oxidation o f a substrate will depend on the redox potential and 
the chemical nature o f the substrate and also its concentration at the TiOz surface. For 
most compounds, the 'OHads pathway seems to prevail^.
The oxidising species in the photodegiadation o f phenol has been the focus o f several 
studies' .^ The generally held view is that the main oxidising species is OH’ However 
the oxidation o f phenol through a direct hole transfer can be observed when electron 
scavengers are present^. When methanol is added to the phenol solution to be 
photodegraded, approximately 90% reduction in the initial rate o f phenol degradation was 
observed. The presence o f an efficient electron scavenger, such as Ag^ (instead o f O2) 
increases the initial rate o f phenol photodegradation by making the charge-separation 
process more efficient. When methanol is also included with the Ag'*' and phenol in 
solution the initial rate o f photodegiadation o f phenol decreases by only ca. 10%, which 
indicates that direct hole transfer is the main degradation pathway when an efficient 
electron scavenger is present. A study in which surface hydroxyl groups were removed 
by annealing the TiOz photocatalyst before use, found that the presence o f the hydroxyl 
groups retards the photodegradation o f phenol^. This study supports a direct hole transfer
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mechanism for the photodegradation o f phenol. In summaiy, both direct hole transfer and 
hydroxyl radical attack on the phenol molecules seem to occur during photodegradation 
reactions. The hydroxyl radical mechanism appears to be favoured when the reaction is 
limited by the reduction o f oxygen by conduction band electrons. However, when this 
limitation is removed and the reaction rate increases, direct hole transfer becomes an 
increasingly important reaction pathway.
In a well mixed system of freely-suspended TiOz, the mass transfer is believed to be 
negligible* and the apparent (measured) rate o f reaction is thought to be controlled by the 
surface adsorption kinetics^. Accordingly, adsorption models are generally used to 
interpret kinetic data. As stated in Chapter I, the kinetics of photocatalytic degradation of 
organics generally fit the Langmuir-Hinshelwood (L-H) model. Phenol is one of the 
many organic compounds that does fit the L-H model but at low concentrations the 
reaction is first-order and so the integiated first-order kinetic expression is often used 
because o f its simplicity. Thus:
In M -kyt (4)
if  ln([A]/[A]o) is plotted against t, then a first order reaction will give a gradient o f -k \. 
This equation is frequently used to explain the kinetics of the photodegradation o f 
phenols. This simple equation appears to fit the data quite well in many cases which 
increases its appearance in the literature for the photodegradation o f phenols *^^ ’* *.
Although phenol has been extensively studied and used as a model compound to test 
various TiOz photocatalytic systems, examination o f previous studies on the effects o f  
solution pH reveals some discrepancies. There have been reports that maximum phenol 
removal occurs at neutral pH ,^ while others report that the maximum removal is observed 
under acidic conditions'^. Goldstein and co-workers reported that a relatively small pH 
change, from 2.0 to 3.3 resulted in a significant change in the extent o f phenol removal^*. 
O’Shea and Cardona report a moderate increase in the initial rate o f phenol degiadation
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as the pH is increased from 3 to 9^ .^ A sharp decrease in the rate o f degradation was 
obsei*ved at pH 11 with the rate returning to levels obseived between pH 3 and 9 as the 
pH increased to 13. The effect o f pH on the photocatalytic degradation o f 2, 4- 
dichlorophenol (DCP) is to decrease the rate o f DCP removal as the pH increases above 
5.5. Bayarri et al}^ attribute this to an improved affinity between the TiOz surface and the 
DCP molecules under acidic conditions. At higher pH values both the TiOz surface and 
the DCP molecules are deprotonated and electrostatic repulsion inhibits adsorption. In the 
case o f organic molecules which are not ionised in aqueous solutions, nitrobenzene for 
example, the pH of solution has a negligible effect on the rate o f reaction* .^ In general, 
obseivations o f the effect o f pH on the photocatalytic degradation o f phenols indicate that 
the effect is minimal over the pH range o f 3 to 9^ '^ *"^ .^
The differences in the observations o f previous studies may be a result o f variation in the 
initial phenol concentrations. At relatively high concentrations (i.e. millimolar range) 
phenol adsorption and subsequent oxidation by both holes and hydroxyl radicals may be 
operative, whereas at lower concentrations (i.e. micromolar range) oxidation by 
hydroxyl-mediated pathways may be the only significant pathway.
Phenol is often the model compound used in the characterisation o f composites o f carbon 
and titania^ '^^ .^ In the case o f carbon-coated TiOz the light blocking effect o f the carbon 
coating has been found to reduce the rate o f phenol degradation^^'^\ The level o f carbon 
coating is critical and composites prepared by other researchers have been found to have 
a performance that is superior to Degussa P25^ .^ Phenol has also been the primary 
pollutant of a study on a buoyant TiOz/C composite for application in environmental 
clean-up^ .^
Photocatalytic degradation o f surfactants has received a lot o f attention from Serpone and 
co-workers^ '^ "*'*^ . Some o f the surfactants studied by this group include: sodium 
dodecylbenzenesulfonate^^, benzyldodecyldimethylammonium chloride^ ,^
dodecylpoly(oxyethylene)phosphates^'^ and nonylphenol poly(oxyethylene) ethers^ '^*^ . A 
comparative study by this group o f the photocatalytic degradation o f ionic and non-ionic
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surfactants indicates that there is a relationship between the initial rate o f photooxidation 
and the structure o f the surfactant^*. For example, “anionic surfactants containing an 
electron attracting group such as sulfonate or sulphate are easy to photodegrade” and “as 
the number o f ethoxylate groups in NPE[0] increases, CO2 evolution increases.” This 
study also demonstrates that the degradation o f non-ionic surfactants is somewhat slower 
than that o f cationic and anionic surfactant. In summary, all the major surfactant types 
(anionic, cationic and non-ionic) have at least one example member that has been shown 
to exhibit complete photocatalysed conversion, if  not complete mineralisation. 
Degradation o f long hydrocarbon chains within surfactant molecules appears to occur 
only slowly, if  at all. However, it is important to note that the degradation of the initial 
surfactant is found to rapidly destroy the surface activity.
The photocatalytic degradation o f NPEO using TiOz as the photocatalyst has received 
some attention in the past^ ’^^ ’^^ ’^*  ^ Oxidation o f both the aromatic ring and the ethoxylate 
chain have been attributed as degradation pathways for nonylphenol ethoxylates. Serpone 
and co-workers proposed a model by which oxidation o f the aromatic ring and the 
ethoxylate chain are competitive^^’^ .^ These studies observe that the degradation routes 
initially occur by hydroxyl radical attack on the ethoxylate chain and the benzene ring 
with the preferential attack on the longest ethoxylate chains; this is demonstrated by the 
comparative photodegradation of NPEOs with different initial ethoxylate chain lengths^*. 
Further oxidation also involves the aliphatic chain, and yields such intermediate products 
as ethylene glycols and a variety o f acidic compounds, and finally a virtually quantitative 
conversion to COz^ .^ Marriott observes that the degradation o f NPEO preferentially 
occurs with the cleavage o f the ethoxylate chain producing low solubility short-chained 
alkylphenol ethoxylates. After an initial induction period aromatic ring cleavage becomes 
an increasingly important decomposition pathway*\ It is also observed in this study that 
short chained NPEOs are persistent and adhere to the surface of the TiOz, fc. they are not 
observed in free solution, but are observed on extraction from the TiOz surface using an 
organic solvent. In all the studies mentioned, the complete removal o f the non-ionic 
surfactant was observed with an adequate irradiation time.
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4.1.2. Aims
The aim of the work described in this Chapter was to demonstrate the effectiveness o f the 
TiOz/C composites, prepared and characterised in Chapter II, in the photodegradation o f  
the model pollutant phenol and the target pollutant nonylphenol ethoxylate. The effect o f  
factors such as solution pH, amount and type o f carbon adsorbent and dissolved oxygen 
on the photodegradation o f phenol and alkylphenol ethoxylates was to be investigated.
The mechanism of photodegradation o f  nonylphenol ethoxylates is o f great concern. As 
mentioned in the previous section, Marriott et. al.*^  suggested that the photodegradation 
initially takes place by cleavage o f the ethoxylate chain and shorter chained nonylphenol 
ethoxylates result. This photodegradation route is highly undesirable and so this will be 
investigated by HPLC for both the TiOz photocatalyst and the TiOz composites. 
Agglomeration o f the TiOz particles in suspension during the photodegradation o f NPEO 
was obsewed by Marriott and Serpone^ ,^ who noted the sedimentation o f TiOz particles 
on the oxidation o f surfactants; this was also to be studied in some detail.
4.2. Experimental
4.2.1. Materials
All materials (except water and acetonitrile used as HPLC solvents) have been described 
in previous chapters. The acetonitrile was HPLC grade and obtained from Fisher- 
Scientific and the water was Ultrapure water (p = 18.2 MO cm) from a Purite Select unit.
4.2.2. Photocatalysis Reactor
The photoreactor consisted o f a 3 dm* Perspex cylindrical reactor (135 mm x 280 mm) 
with a 400 W medium pressure mercury discharge lamp (Applied Photophysics) at the 
centre o f the reactor with a Perspex water cooling jacket. The photoreactor was also 
equipped with a magnetic stirrer (60 mm), an air bubbler (air bubbled into the reactor 
through a 10 pm filter at 20 cm* min'^) and a sampling needle with a 5 pm syringe filter.
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Water Jacket
Sampling Needle
Air Bubbler Magnetic Stirrer
Fig. 4.2.2a. The photoreactor used in this study.
4.2.3. Photodegradation Experiments
The photodegradation experiments began by charging the photoreactor with a 2.8 dm  ^
solution of either phenol, NP5EO or TX-lOO at a controlled pH. Then the photocatalyst 
or photocatalyst/adsorbent was added to the photoreactor and the mixture was stirred 
rapidly for 48 h in the dark and at 296 K ± 1 K (temperature maintained using the water 
cooling jacket) so that the adsorbent and adsorbate could attain equilibrium. The stirrer 
speed was reduced to 180 rpm, the air bubbler was turned on and 15 min later the Hg 
lamp was switched on. Sample o f 5 cm  ^ were taken at intervals for analysis by UV-vis 
absorbance, HPLC and GC-MS,
A weight of 1.50 g o f TiOz photocatalyst was used in every experiment. When 
experiments with both the photocatalyst and an adsorbent were carried out, 3.50 g o f 
adsorbent was used. When using a TiOz/C composite the weight was selected so that the 
amount o f TiOz added was 1.50 g.
4.2.4. Characterisation Techniques
HPLC analysis o f nonylphenols was carried out using the same method as described in 
section 3.2.2. The HPLC analysis o f phenol was carried out using the same system.
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However, the column used was a Phenomenex Sphereclone ODB-1 (with dimensions of 
250 X 3.2 mm 5 pm) and the mobile phase was 50wt% water and 50wt% acetonitrile. The 
mobile phase was passed through the column at 1 cm  ^min'  ^ for 10 min. The photodiode 
array was set to monitor a wavelength o f 273 nm.
The UV-visible spectrometer and the wavelengths selected for monitoring the 
concentration o f phenol and alkylphenol ethoxylates have been described in the previous 
chapter.
Gas chromatography was carried out using an Agilent HP5890 Series II gas 
chromatograph with a HP5972 Mass Selective Detector. The column used was a Varian 
Chrompack capillary column: CP-Sil 8CB lowbleed MS (30 m x 0.25 mm x 0.25 pm). 
The carrier gas was helium that was purified with a Supelco® Helium Purifier before 
entering the instrument and the carrier gas flow rate was 1 cm  ^min"\ Sample o f a volume 
of 15 pL were manually injected into the GC injector which has held a 573 K, the GC 
oven was programmed for 353 K for 3 min, then increased to 463 K at 20 K min'  ^ and 
then to 613 K at 2 K min' ;^ the detector transfer-line was held at 573 K.
4.3. Results and Discussion
4.3.1. Photodegradation of Phenol
The photodegradation o f phenol using only the mercury discharge lamp was studied with 
different phenol solutions o f different pH, as well as with and without air bubbling into 
the solution. The initial phenol solution concentration was 0.001 mol dm'  ^ and the pH 
was adjusted to 3, 7 or 9. During the photodegradation experiments, the phenol solutions 
became discoloured, turning brown with the colour intensifying as the experiment 
continued. Analysis o f the samples taken by UV absorbance at 270 nm shows the 
absorbance increasing with time.
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Fig. 4.3.1a. UV absorbance o f solution samples taken during the photodegradation of 
phenol at pH 7 using a Hg discharge lamp.
Oxidative coupling reactions for phenol can be catalysed by a variety o f surfaces with 
particular interest being shown in the oxidative coupling o f phenol on the surface of 
activated carbons. The oxidative coupling o f phenol, forming phenolic polymers with the 
general structure C6nH4n+2 0 n, causes some irreversibility in the phenol adsorption- 
desorption isotherm on activated carbons^ .^ The main products found for the oxidative 
coupling are 2,2’-biphenol, 4-phenoxyphenol and dibenzofuran. Oxidative coupling is 
also catalysed by copper complexes^^ and tannin-like polymers have reportedly been 
formed from the photooxidation o f phenol solutions using the photo-Fenton process^ "*. 
The formation o f a yellow-brown polymeric precipitate has been previously reported^  ^
during the direct photolysis o f phenol solutions at an irradiation wavelength o f between 
200 and 300 nm. The conditions for the formation of the yellow-brown polymer were 
studied in depth. However, the structure o f the polymer was not revealed.
In order to study this phenomenon further the samples taken during this kinetic study 
were then analysed by HPLC to determine the concentration o f phenol and search for any
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products of photo-oxidative coupling. The phenol concentration, determined by the 
integration o f the HPLC peak attributed to phenol, verses time plot is shown in figure 
4.3.1b. In contrast to analysis by UV absorbance, HPLC shows a definite decrease in the 
phenol concentration with time. However, repeated analysis by HPLC and GC-MS of the 
samples from the photodegradation o f phenol at different initial pH values, different 
initial concentrations and different time periods failed to find any peaks other that that for 
phenol that could have been attributed to the increasing UV absorbance and change in 
colour observed.
To study the hypothesis that the increasing UV absorbance and colour change o f the 
phenol solution was a result o f photo-oxidative coupling an experiment was carried out 
using a helium purge in the photoreactor instead o f the usual air bubbler. Helium purging 
is a technique which is routinely used in HPLC to minimise the concentiation o f  
dissolved gases in the mobile phases that results in an unstable baseline. Helium is used 
because it has a very low solubility in water relative to oxygen and nitrogen. Helium was 
bubbled into the phenol solution in the photoreactor for 30 min before the lamp was 
switched on at 20  cm  ^min‘* and throughout the experiment.
Figure 4.3.1c shows that the phenol concentration is unchanged in the absence o f oxygen 
(HPLC analysis confirms this although the data is not shown) and so strongly suggests 
that photo-oxidative coupling is taking place in Fig. 4.3.1a. As dissolved oxygen is also 
required by TiOi photocatalysts for them to function (see Section 1.4.1) and so the air 
bubbler is used for photocatalytic degradation o f phenols. In order to get an accurate 
measure o f the phenol concentration, HPLC was used for the analysis of all samples 
generated.
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Fig. 4.3.1b. Decreasing phenol concentration, determined by HPLC, as a result o f 
photodegradation by a Hg discharge lamp at 296 K and pH 7 (R  ^ = 0.986; Gradient = - 
1.88 mol dm^ s ').
1.50
Time (min)
Fig. 4.3.1c. The photodegradation o f phenol at pH 7 by a Hg discharge lamp in the 
absence o f oxygen.
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4.3.1.1. Photodegradation by T1O2 Photocatalyst
The effect of the T1O2 photocatalyst is to accelerate the rate o f decrease in the phenol 
concentration, when compared to the use o f the lamp alone (as can be seen from Figure 
4.3.1.1a).
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Fig. 4.3.1.1a. The photodegradation of phenol by a Hg discharge lamp at pH 7 with and 
without a photocatalyst.
The effect o f pH on the performance o f the photocatalyst is significant; the photocatalytic 
performance o f the TiOi increases with increased pH. A general increase in the initial rate 
of phenol degradation has been observed by others over the pH range studied here''*, but 
at first sight this seems to be counter intuitive. At higher pH values, both the phenol 
molecule and the hydroxyl groups on the titania surface (the isoelectric point for P25 is at 
approximately pH 6.4^ )^ are deprotonated which will result in repulsion between the 
phenolate ion and the surface o f the photocatalyst.
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Fig. 4.3.1.1b. The effect o f solution pH on the photodegradation o f phenol by Degussa 
P25.
Table. 4.3.1.1a. First-order rate constants for photodegradation o f phenol by Degussa P25
Solution pH Rate Constant (s ') Half Life (h)
3 3.5 X10'’± 3 x 10^ 5.52 ± 0.45
7 7.2 X 10'^±3x 10'^ 2.68 ±0.11
9 1.7 X 10"4±4x 10"^ 1.14 ±0.03
The position o f the conduction band is known to be pH-sensitive, Matylitsky^  ^ reports 
that “a variation o f pH values over 7 units leads to a -0.42 eV change o f the conduction 
band edge position.” Anatase TiO] (Eg = 3.2 eV) is believed to be more photoactive than 
rutile TiO] (Eg = 3.0 eV) due to the increased overpotential for the reduction of oxygen^^ 
(the reducing power o f both anatase and rutile TiOi is relatively weak as the conduction 
band is close to the redox potential o f O2/HO2 ) even though rutile has a smaller band gap 
and so can utilize more o f the incident radiation. Increasing the overpotential for the 
reduction o f oxygen, and hence the reducing power of the photocatalyst, by changing the
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position o f the conduction band, may be responsible for a significant proportion of the 
increase in the rate o f phenol removal at higher values of pH. The effect of a change in 
pH on the surface o f the titania, i.e. by the deprotonation o f surface hydroxyl groups may 
also increase the rate o f phenol photodegiadation in two ways: (i) hole transfer from the 
valance band to the surface of the titania particle may be stabilised, and so electron-hole 
recombination processes will be inhibited:
T1O2 Particle
r r  OH +  Valence band
TP" OH :IV
Ti02 Particle
O + Valence band
O*
TP" O
T p u  Q
Fig. 4.3.1.1c. The pathway o f positive hole generation in the valance band o f a Ti02 
semiconductor when the surface hydroxyl groups are deprontonated (right).
(ii) electron transfer from the surface o f the photocatalyst to solution dissolved oxygen 
molecules may be accelerated by the formation o f a Ti"^-0' species.
Ti" OH O2"
« 4  - e V e -
Ti™ OH /  '  O2
Fig. 4.3.1.Id. The electron transfer from the surface o f the Ti02 photocatalyst to oxygen 
molecules when the surface hydroxyl groups have been deprotonated (right).
The large difference in the rate constants (and half lives) for a pH change from 7 to 9 may 
be attributed to a number o f factors. The reduction o f dissolved oxygen molecules is 
likely to be key and two factors that have a direct effect on the rate o f oxygen reduction 
have been discussed that would both increase the rate of phenol photooxidation. A third 
effect that could be observed with a change in solution pH, is the increased efficiency of 
electron hole separation. It is most likely that a combination o f these three effects is 
responsible for the reduction in the phenol photodegration half life o f over 50%, when the 
experiment is conducted at pH 9 compared to pH 7.
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4.3.I.2. Photodegradation of Phenol: Effect of Carbon Adsorbents
To assess the effect o f the adsorbent in the Ti02/C composite and to confirm the work of 
Matos et the adsorbent was added to the photoreactor alongside the photocatalyst
and phenol solution. Matos et al}^ stated that “[mass] transfer occurred mainly through a 
common interface between activated carbon (AC) and Ti02 estimated to involve almost 
half the total surface exposed to titania. This interface is spontaneously created by a 
simple mixture o f both phases in suspension” and “the association o f AC to titania 
enables it to photocatalytically degrade phenol with an efficiency 2.5 times higher.”
Both the Mast Carbon and the Darco G-60 adsorbents were used alongside Degussa P25. 
For each experiment 1.5 g o f Degussa P25 was used. When this was used alongside an 
adsorbent, 3.5 g o f the adsorbent was also added to the photoreactor. When experiments 
were carried out using the Ti02 /C composites the mass o f the composite added was 
chosen so that a total o f 1.5 g o f Ti02 was added to the photoreactor. The initial phenol 
concentration for these combine adsorbent-photocatalyst reaction was 0.001 mol dm' .^ 
This concentration was selected so that there would be an adequate phenol concentration 
after the adsorbent had attained equilibrium with the phenol solution. After the adsorbent- 
photocatalyst system had been stirred with the phenol solution for 24 h and equilibrium 
had been attained the pH was adjusted to either 3, 7 or 9 and the solution was stirred for a 
further 24 h. The pH was checked again, and if  necessary adjusted a second time before 
the experiment could begin. The lamp was only switched on after the solution and the 
adsorbent had attained equilibrium, so that any change in phenol concentration during the 
photocatalytic experiments would be a result of the activity o f the photocatalyst.
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Fig. 4.3.1.2a. Photodegradation o f phenol by Mast Carbon Spheres and TiO] at different 
pH values.
The photocatalytic performance o f the combined carbon and titania system follows the 
same trend as the titania system alone as the pH is altered. As the pH increases the 
performance o f the photocatalyst also increases.
Table. 4.3.1.2a. First-order rate constants for the photodegradation o f phenol by TiO: and
Photocatalyst System pH Rate Constant (s'*) Half Life (h)
TiOz Only 7 7.2x 1 0 " ± 3 x  lO'"’ 2.67 ±0.11
TiOz + Mast Spheres 3 5.1 X 10'^±6x 10'^ 3.77 ± 0.45
TiO] + Mast Spheres 7 2 0 x l 0 ^ ± 2 2 x l 0 ^ 0.96 ±0.10
TiOi + Mast Spheres 9 45x lO'^i 15x 10-^ 0.42 ±0.01
It can be seen from Table 4.3.1.2a that the performance o f the catalyst varies by a factor 
o f 8 in the pH range studied. Therefore, to get the most from these photocatalyst systems,
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the pH of solution needs to be carefully monitored and controlled. The effect of pH on the 
photocatalytic performance o f the TiOi/Mast composites mirrors that for the TiO] alone.
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Fig. 4.3.1.2b. Comparison o f the photodegradation o f phenol with TiOz and Darco G-60 
or Mast Carbon Microspheres at pH 7.
It can be seen from Figure 4.3.1.2b that even though the carbon adsorbent blocks a 
significant portion o f the light from the Hg lamp, the performance o f the TiOz 
photocatalyst can be enhanced by the addition o f a carbon adsorbent; this is particularly 
the case for the Mast Carbon microspheres.
The performance o f the Ti02/C composites is similar to that o f Ti02 alone and again the 
Mast carbon adsorbent outperforms Darco G-60 (Figure 4.3.1.2c). The blocking of light 
reaching the Ti02  surface, appears to the reason for the difference in performance o f the 
Mast and Darco adsorbents. The Mast carbon spheres have a slightly larger particle size 
and a higher density than the Darco G-60 used and so the Mast carbon spheres block less 
light within the photoreactor than the Darco adsorbent.
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Fig. 4.3.1.2c. Comparison o f TiO] in the photodegradation of phenol with the Ti02/Darco 
G-60 and the TiOi/Mast Carbon Microsphere composites at pH 7 and 296 K.
All the photocatalytic degradation o f phenol reactions displayed first-order kinetic 
behaviour. It can be seen from the rate constants listed in Table 4.3.2.1b that the TiOz/C 
composites are outperformed by the simple mixture o f the photocatalyst and the 
adsorbent, with the Mast carbon spheres + TiOz system performing significantly better 
than all the other systems.
Table. 4.3.2.1b. Rate constants for the photocatalytic degradation o f phenol at pH 7 and 
296K.
Photocatalyst Rate Constant (s’*) Half Life (h)
Degussa P25
P25 + Mast Carbon Spheres 
P25 + Darco G-60 
Ti02/Mast 
Ti02/Darco
7x  10->±3x IQ-e 
20x 10'^±22x 10"* 
14x 10'^±8x IQ-^
10 X 10'^  ± 11 X 10-^
8x  10‘^ ± 7 x  10“^
2.67 ±0.11 
0.96 ±0.10
1.40 ±0.08  
1.91 ±0.21
2.41 ±0.22
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First-order behaviour o f mixtures o f a carbon adsorbent and a Ti02 photocatalyst in the 
photodegradation o f phenol has also been observed by Matos’®’^  \  This group reports rate 
constant for phenol disappearance increases by up to a factor o f 2.48^  ^ when the carbon 
adsorbent is added to the 710% suspension. No mention is made o f the solution pH in 
either of the cited papers published by Matos et al. However the results presented here, in 
which the apparent rate constants for Mast carbon spheres + Degussa P25 are between 
2.0 and 2.9 times those o f  the TiOa alone, are in a general agreement with the results o f  
Matos.
The photocatalytic performance might be expected to be greater for Ti02/Mast than for 
Ti02/Darco based on the height o f the UV absorption edge described in Section 2.4.2. 
The Ti02/Mast composite had a UV absorption edge o f 0.201, whereas the value for the 
Ti02/Darco composite was 0.063. This indicates that there is a significantly larger 
amount o f Ti02 on the surface o f the Ti02/Mast composites absorbing the incident UV 
light. Hence a higher photocatalytic activity would be expected and is observed (see 
Table 4.3.2.1b) for this composite. This demonstrates the value o f the use of the UV 
absorption edge measurement in the characterisation and the prediction o f the relative 
photocatalytic performance o f these Ti0 2 /C composites.
The performance of the composites in comparison to the photocatalyst alone would not 
usually be good enough to justify the expense o f using the composites over the 
photocatalyst alone. However, the composites offer a great advantage over the 
photocatalyst in terms o f particle size. The much larger size o f the composite particles 
(75-250 pm compared to an average Ti02 aggregate size o f 100 nm) will allow for a 
much simpler separation o f the particles from the water being treated when applied on a 
large scale.
4.3.2. Photodegradation of Nonylphenol Ethoxylates
As was the case for the photodegradation o f phenol, the photodegradation o f NP5E0 was 
studied using only the Hg discharge lamp first. Unlike for phenol, however, there appears
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to be no photo-oxidative coupling or direct photo-oxidation o f NP5EO under irradiation 
from the Hg lamp as the UV absorbance at 275 nm is relatively stable over 120 min.
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Fig. 4.3.2a. Photodegradation o f NPEO by Degussa P25 at pH 7 Compared to the use of  
UV Only.
4.3.2.1. Photodegradation of NPEO by TiOi Photocatalyst
The photodegradation of nonylphenol ethoxylate is shown in Figure 4.3.2.1a. This figure 
seems to indicate that a bi-product/intermediate is formed in the early stages o f the 
reaction and then it is also photocatalytically degraded.
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Fig. 4.3.2.1a. Photodegradation o f a 1000 ppm Aqueous Solution of NPEO by Degussa 
P25 at pH 7.
Upon completion of the photocatalytic reaction, the TiOi had aggregated and adhered to 
the walls of the photoreactor. To determine the reason for this aggregation, the TiOi was 
removed from the reactor and dried overnight at 348 K. The resulting grey paste was 
placed in a vial (0.3378 g) and 10 cm  ^o f HPLC grade hexane was added and the vial was 
shaken for 10 min. The TiO% was filtered from the hexane and the solvent was removed 
by nitrogen blow down. The organic residue was re-dissolved in 5 cm  ^o f hexane and the 
sample was analysed by GC-MS.
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Fig. 4.3.2.1b. GCMS elution profile for a 1000 ppm NPEO Aqueous Solution.
The chromatogram in Figure 4.3.2.1b shows that several products o f photocatalytic 
degradation have been formed and remain adsorbed on the TiOi surface. Nonylphenol 
and NPIEO which are found in very low concentrations in the aqueous solution (see 
Figure 4.3.2.1b) were found to be in a high abundance on the surface o f the TiOi.
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Fig. 4.3.2.1c. GCMS elution profile o f the hexane-washing o f aggregated TiOg following 
photocatalytic degradation o f NPEO.
It is clear from Figure 4.3.2.1c that nonylphenol is created on the surface o f the Ti02 by 
the cleavage o f the ethoxylate chain and that the molecule is then persistent. This 
observation is supported by the work o f Marriott^  ^ and co-workers. They also 
demonstrated that NP was not observed in solution and surmised that the NP is bound 
sti'ongly to the Ti02 surface. The extremely low water solubility o f NP {i.e. ng per litre) 
may be the primary driving force for the NP being bound to the Ti02, and indeed any 
other surface within the photoreactor. The observation that NP is persistent, is however, 
in conflict with the work o f Serpone and co-workers^^. They state that NP “is 
quantitatively mineralized, and that the photocatalytic degiadation of related compounds 
does not lead to its formation.” However, this study did not look at the titania surface 
after application, so as NP has a very low water solubility, its detection in solution by
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HPLC would be an extremely difficult task. Marriott mentions the agglomeration o f 7 %  
particles in suspension “making centrifugation to remove Ti02  more effective.” They cite 
the relative hydrophobicity o f the intermediates, in the oxidation o f NPEO, and their 
immiscibility with water. Further work by Serpone and co-workers^^ observed the 
sedimentation o f 7 %  particles during the photodegradation o f surfactants.
The analysis o f the early eluting peaks in the GC-MS chromatogram, shows the products 
of aromatic ring cleavage (Fig. 4.3.2. Id). These products could not be determined in free 
solution so, like the short-chained NPEOs, they must be bound strongly to the surface o f  
the 7102 particles. In Figure 4.3.2.Id, the peaks for NP2EO and NP5EO with the 
aromatic ring opened are identified, also for comparison with Figure 4.3.2.1 g the peak for 
nonylphenol is also identified. A key feature in the identification o f these peaks is that 
they all appear as pairs. This is also seen for nonylphenol and the NPEOs, whose peaks 
are however poorly resolved. This pairing o f peaks is a result o f the substitution o f the 
aromatic ring with the C9 chain at the o- and p -  positions. The NPEO used, Igepal CO- 
520, is a technical mixture, and although it is often referred to as 4-nonylphenol 
ethoxylate, there is approximately 20% ortho substitution^ \  So, even after the aromatic 
ring is opened, the result will be two main compound gioups, one for each o f the o- and 
p-  substituted parent molecules.
From GC-MS data, it is clear that cleavage o f the hydrophilic polyethoxylate chain o f  
NPEO is a major degradation pathway. This results in the formation o f large amounts of 
short-chained NPEO {e.g. nonylphenol, amongst other intermediates) which have 
extremely low water solubility. It is therefore proposed that the hydrophobic 
intermediates ai e deposited on the walls o f the photoreactor and the surface o f the titania 
particles as they are produced during the photocatalytic degradation. The deposition of 
hydrophobic material obviously reaches a point at which the titania particles themselves 
become hydrophobic and so they in turn aggregate to minimise the interaction with water, 
i.e. the aggiegation o f the titania particles is driven by surface tension.
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Fig. 4.3.2.le. Aggregation o f Ti02 particles during the photocatalytic degradation of 
NPEO.
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To confirm that this phenomenon is observed for the photocatalytic degradation of other 
alkylphenol ethoxylates, the experiment was repeated using Triton X-100. Photocatalytic 
degradation o f TX-lOO was observed (see Figure 4.3.2.If) and again the TiO] aggregated 
and adhered to the walls of the photoreactor.
The production of by-products in the photodegradation of NPEO and TX-lOO that have 
an aromatic moiety, means that a study o f the kinetic o f photodegradation using UV 
absorption would not result in an accurate assessment o f the rate o f disappearance o f the 
surfactant. Unfortunately the method o f sample preparation for HPLC analysis of these 
molecules means that HPLC analysis is only semi-quantitative {i.e. only the relative 
concentrations of the different ethoxylate chain lengths can be determined from HPLC). 
Therefore it is deemed inappropriate to conduct such a kinetic study using the data 
generated.
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Fig. 4.3.2.If. UV absorbance spectroscopy following the photocatalytic degradation o f  
TX-lOO by Degussa P25.
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4.3.2 2. Photodegradation of NPEO by TiOz/C Composites
The aggregation of T1O2 in the photocatalytic degradation o f alkylphenol ethoxylates will 
significantly affect the performance in large scale removal o f these compounds from 
aqueous solution. In particular, the continuous application o f TiOi in a photoreactor will 
be severally hampered by aggregation and so photocatalytic degradation using this 
method would be unsuitable for the removal o f alkylphenol ethoxylates from an aqueous 
solution.
The Ti02/C composites prepared in Chapter II and tested for photocatalytic activity 
earlier in this chapter have a much larger particle size and a highly developed internal 
surface, and so they should be much more resistant to aggregate formation.
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Fig. 4.3.2.2a. Photocatalytic degradation o f a 1000 ppm NPEO solution by Degussa P25 
and the TiOi/Mast Microsphere composite.
There appears to be only a slight performance advantage for Ti02/Mast over Ti02 alone 
and this mainly appears to be because o f the high concentration o f photodegradation by­
products in solution for the Ti02  only system (as indicated by the higher than expected
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point in Fig. 4.3.2.2a at t = 60 min). The adsorbent in the TiOi/C composite can adsorb 
photodegradation by-products and limit the concentration o f these intermediates in 
solution to a low level. The performance o f the TiOi/C composite in comparison with 
TiOz alone mirrors the relative performance observed for photocatalytic degradation o f  
phenol.
Samples were taken from the photoreactor for analysis by HPLC so that the fate o f each 
ethoxylate chain length could be monitored. The HPLC method for analysis o f the 
nonylphenol ethoxylate was a normal phase technique {i.e. the solvent was non-polar) so 
the NPEOs and any by-products were extracted into hexane before analysis. This was 
carried out by the extraction o f 2 cm  ^o f aqueous sample with 2 cm  ^o f hexane. The water 
was removed and the hexane was dried with anhydrous sodium sulphate. The hexane 
solvent was then transferred to a clean glass vial and the hexane was removed by nitrogen 
blow-down. The residue o f the NPEOs and by-products in the vial were dissolved in 
Icm  ^o f hexane ready for HPLC analysis.
Figures 4.3.2.2b-d show how the composition of a NPEO solution changes with 
irradiation time when P25/Mast is used as the photocatalyst/adsorbent. Figure 4.3.2.2b 
shows the composition o f the solution when the NPEO is in equilibrium with the 
adsorbent, after being rapidly stirred in the dark for 24 h. Figure 3.3.8c demonstrated that 
at equilibrium carbon adsorbents have some selectivity for shorter chained alkylphenol 
ethoxylates. However this selectivity has a minimal effect on the composition of the 
solution.
After irradiation o f the photocatalyst, the concentration o f nonylphenol ethoxylates 
decreases as has been shown by UV absorbance measurements. Figure 4.3.2.2c seems to 
indicate that the removal o f the NPEOs is independent o f ethoxylate chain length, i.e. 
shorter chain ethoxylates are removed at a similar rate to the longer chain ethoxylates.
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Fig. 4.3.2.2b. HPLC of NPEO solution with UV irradiated P25/Mast at t = 0 min
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Fig. 4.3.2.2c. HPLC o f NPEO solution with UV-irradiated P25/Mast at t = 87 min
Figure 4.3.2.2c also shows by-products formed during the photodegradation o f NPEO. 
The five peaks visible between 3.75 and 5 minutes only appear after the photocatalyst has 
been irradiated. As the irradiation o f the photocatalyst continues, the concentration o f the 
NPEOs continues to fall, along with the concentration o f the unidentified by-products, 
and after 220 min the NPEOs are close to complete removal from solution.
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Fig. 4.3.2.2d. HPLC of NPEO solution with UV-irradiated P25/Mast at t = 220 min
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Fig. 4.3.2.2e. Peak areas relative to NP5EO (Peak Number 3) as determined by HPLC.
However, the comparison o f the relative peak areas in Figure 4.3.2.2e demonstrates some 
selectivity in the photodegradation o f NPEOs using a TiOz/C composite, as there is a
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narrowing of the distribution o f ethoxylate chain lengths with time. This was also 
observed for TiOi alone and is due to the molecules with longer ethoxylate units are 
being preferentially photodegraded. Other researchers have also found that there is a 
dependence on the ethoxylate chain length, with the molecules with longer ethoxylate 
chains being preferentially photodegiaded by titania^ '^ \^
However, at the end o f the photocatalytic experiment, it was discovered that the 
TiOz/Mast composite particles had also aggregated and adhered to the walls o f the 
photoreactor and this was observed for both the TiOg/Mast and Ti02/Darco composites. 
Therefore, simply increasing the effective size of the TiO: particles, by placing them on a 
particulate support, is not sufficient to prevent aggregation and sedimentation o f the 
particles as the photocatalyst reduces the average ethoxylate chain length o f the NPEO 
molecules. A further increase in the particle size could overcome the aggregation effect; 
however, more effort would be required to keep these particles in suspension i.e. the 
solution would have to be agitated more vigorously. The development o f a stationary 
support for the TiOz particles may be a better course for further study.
The performance o f the TiOi/Darco composite was relatively poor when compared to 
TiO: alone. The poor performance o f the TiO:/Darco composite in comparison with TiO: 
alone and the TiO:/Mast composite may be a result o f the light blocking effect of the 
carbon support, as was demonstrated by the small adsorption edge measured by UV 
reflectance (see Table 2.4.2b). The comparison of the performance o f the TiO:/Darco 
systems at different initial pH values demonstrates that the solution pH has only a weak 
effect o f the photocatalytic degradation o f NPEO molecules (see Fig. 4.3.2.2g). The trend 
appears to be the same as seen for the photodegradation o f phenol. That is, at higher pH 
the rate of removal o f the pollutant is greater
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Fig. 4.3.2.2T Photocatalytic degradation of NPEO by Degussa P25 and Ti02/Darco 
composite.
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Fig. 4.3.2.2g. Photocatalytic degradation o f NPEO by TiOz/Darco composite at different 
pFI values.
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4.4. Chapter Summary
The photocatalytic performance o f the commercially available TiO ,^ Degussa P25, and 
the T102/C composites, prepared in Chapter II, in the photodegradation of phenol have 
been compared. The T102/C composites have been found to out-perform the Ti02 at all 
pH values studied. The Ti02/Mast composite Avas the best performer, as was predicted by 
UV-Vis-DRS. The height o f the absorption edge for the Ti02/Mast is 0.201 AU whereas 
the adsorption edge for the Ti02 in the Ti02/Darco composite is 0.063 AU (See Table
2.4.21). The height o f the absorption edge at ~387 nm appears fi'om this work to be an 
effective way o f gauging the photocatalytic performance o f these T102/C composites and 
the method is non-destructive and easy to implement.
The effect o f pH on the photocatalytic activity o f  the Ti02 and the Ti02/C composites in 
the degradation o f phenol found that alkaline conditions are most favourable, with the 
activity at pH 9 being, on average, twice the activity of when the experiment is conducted 
at pH 7. Electrostatic repulsion between the phenolate anion and the negatively charged 
titania surface (due to deprotonated hydroxyl groups) under basic conditions would be 
expected to reduce the rate o f photodegradation o f phenol molecules when compared 
with acidic and neutral conditions. This was not obsei*ved, because, under basic 
conditions the electronic structure o f the titania is altered, which results in an increase in 
the rate o f oxygen reduction. This step has been cited as the rate limiting step in the 
photooxidation o f organic molecules by Ti02  and so the increase in the rate o f oxygen 
reduction has a significant increase in the overall rate of phenol photooxidation.
The photodegradation o f NPEO and TX-lOO led to the aggregation and sedimentation o f  
the TiOz particles. The cause o f this aggregation was investigated with GC-MS. Analysis 
of the organic residue extracted from the surface o f the aggregated TiÛ2 identified a large 
amount o f nonylphenol and short-chained NPEOs that are not present in large quantities 
in free solution. By-products o f photodegiadation were also identified by GCMS, 
indicating that ring cleavage is a major degradation pathway, as has been previously 
observed^^'^\ A mechanism for the aggregation o f the Ti02 particles has been forwarded, 
by which the formation o f highly hydrophobic molecules on the surface o f the Ti02
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increases the surface tension and the Ti02  particles aggregate to limit the size o f their 
interface with water.
The large number o f intermediate products formed in the photodegradation o f NPEO has 
made the quantitative analysis o f the rate o f degradation difficult. Analysis o f the solution 
by UV absorption (Fig. 4.3.2.1a) has shown that some o f the products formed have a 
larger coefficient o f adsorption that the parent molecule. This is manifested as a ‘bump’ 
in the UV absorption o f the solution decreasing with time. HPLC analysis o f the NPEO 
can only be considered to be semi-quantitative as this method, at the current time, cannot 
determine the absolute concentration of each NPEO molecule and so only the relative 
concentrations o f each o f the different chain lengths can be measured. Both the 
chromatographic techniques used in this chapter are biased towards NPEOs with shorter 
ethoxylate chains, which have lower boiling points and are more soluble in hexane (the 
solvent used to extract the NPEOs from water).
Using UV absorption to monitor the absorbance o f the solution at 275 nm (Fig. 4.3.2.2a), 
there does not appear to be a clear performance advantage for the T102/C over Ti02  alone 
in the photodegradation of NPEOs when the reaction is started from an equilibrium 
position, as was seen for phenol photodegradation. The carbon adsorbent does however 
appear to limit the concentration o f intermediates in solution, as the ‘bump’ present in the 
photodegradation o f NPEO with Ti02 is not present when the Ti02/Mast composite is 
used. Both the Ti02 and Ti02/C systems showed the same selectivity in the 
photodegradation o f NPEO molecules, i.e. the longer ethoxylate chains are degraded 
preferentially. The selectivity o f Ti02 for the degradation o f longer ethoxylate chains has 
been reported previously, however a photocatalyst/adsorbent has not been studied in the 
photodegradation o f NPEOs and this study has shown that even though the carbon 
adsorbent has some selectivity towards the adsorption o f short ethoxylate chains (Section 
3.3.8) the Ti02/C composites studied here have an overall photodegradation selectivity 
for the NPEO molecules with longer ethoxylate chains, i.e. the adsorbent does not effect 
the selectivity o f the photocatalyst.
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There are many opportunities for future study: the sedimentation o f the Ti02 particles is a 
major problem for the application o f photocatalysis in the removal o f nonylphenol 
ethoxylates. The use o f a stationary support could overcome this problem and ensure that 
the activity o f the TiOi remains high even after prolonged use in the photodegradation o f  
these surfactants. Another opportunity for further study arises from the large number o f  
molecules present in the commercial NPEO, Igepal CO-520, and all the intermediates 
formed during photodegradation. The use o f an NPEO with only one ethoxylate chain 
length would enable the identification o f  photodegradation intermediates and the more 
accurate measurement o f the concentration o f the NPEO used.
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5.1. Introduction
The aim of this thesis was to develop a system for the removal of the suspected endocrine 
disrupter, nonylphenol ethoxylate, from water, as these molecules are resistant to 
conventional water treatment technology. The combination o f an adsorbent and a 
photocatalyst was chosen for study. The combination o f these two components is seen as 
an effective method in overcoming the drawbacks o f applying each technology 
separately. Carbon adsorbents are currently used in the treatment o f water ^ and they are 
extremely effective in the removal o f organic molecules from water. However, they are 
expensive and only used when absolutely necessary. Photocatalysts^ have been shown to 
be effective in the photodegradation o f a wide range of organic molecules from water, but 
they suffer from a number o f drawbacks. In order to achieve the maximum efficiency in 
photooxidation, the photocatalyst has to be applied as ultrafine particles, which are then 
subsequently difficult to remove from the water when the process is carried out on a large 
scale. This chapter summarises all the previous chapters and discusses possibilities for 
further work if  the time was available.
5.2. Preparation and Appiication of 770/C Composites
5.2.1. Preparation of TIO2/C Composites
Two methods were employed for the preparation o f TiO^/C composites: (i) the use o f sol- 
gel techniques to coat carbon particles with titania; and (ii) the coating o f carbon particles 
with a commercial TiOi (Degussa P25) using a polymer binder which was carbonised in 
an inert atmosphere to produce the TiOi/C composite. Both techniques succeeded in 
producing a high level o f  titania coating on the carbon supports; however the TiOz 
coating produced by the hydrolysis o f Ti(0 'Pr)4 was unstable and extensive coating loss 
was obseived when the composite particles were placed in water. The TiO^/C prepared 
through the polymer binder route was found to be much more robust.
Coatings o f 20wt% and 26wt% TiOz were produced on the Mast carbon and Darco G-60 
supports respectively. Ti0 2  was found to be dispersed over the whole outer surface o f the
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support particles. However, there were some large particles o f  Ti02 on the surface which 
would have a higher photocatalytic activity if  they were dispersed as finer particles. No 
other loadings o f Ti0 2  were studied and large improvements in the activity o f the 
photocatalyst may be found from a future study into the Ti0 2  loading in these 
composites. The coating o f the carbon support reduced the surface area by approximately 
35% on incorporation o f the relatively low surface area Ti02 and the blocking o f pores 
with the PVA binder. The carbonisation o f the PVA binder did however result in a 
change in the pore size distribution: wider pores with a diameter in the region o f 50 nm 
were formed (as shown in figures 3.3.5b and 3.3.5c). These wider pores are believed to 
be beneficial to the adsorption o f NPEO and increasing the number o f pores in this region 
will undoubtedly improve the adsorption capacity and adsorption kinetics o f the Ti0 2 /C 
composites. Improving the surface area and pore size distribution for the adsorption of  
NPEO is discussed in Section 5.3.1.
X-ray diffraction was used to determine the crystal phase o f the Ti02 and to measure its 
average crystallite size. Degussa P25 has been well studied^’^  and has a reported crystal 
structure o f 20% rutile and 80% anatase. This was confirmed by this work by comparing 
the peak areas for the (101) anatase peak (20 = 25.27°) and the (110) rutile peak (20 = 
27.42°). Line broadening measurements gave an average crystallite size o f 27 nm, which 
is inside the range o f 9-30 nm quoted in the literature .^ UV-visible-diffuse reflectance 
spectroscopy was used both to determine the band gap o f the semiconducting titania, 
from the position o f the Ti02  absorption edge (the measurement o f the absorption edge 
position is shown in Fig. 2.4.3e), and by measuring the height o f  the band-edge (see Fig.
2.4.21) the relative photocatalytic performance o f the Ti02/C composites was estimated.
The surface chemistry was determined by multi-basic titrations o f the acidic functional 
groups on the surface o f the carbon. There are some limitations to these Boehm 
titrations' :^ the adsorption o f the bases and in particular the acid used for determining the 
number o f basic sites, but currently there is no other quantitative method for probing the 
surface chemistry o f porous carbons. Darco G-60 was found to have a much more acidic 
surface than the Mast carbon spheres, but the Mast spheres had a higher degree o f surface
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functionality. The surface chemistry o f both the Mast carbon spheres and Darco G-60 
could be easily altered by treatment in different atmospheres (as was discussed in Section 
1.3.4). The TiOz/C composites were found to have surface chemistries which reflected 
the surface chemistry o f the precursor carbons {i.e. TiOi/Mast has a more highly 
functionalised surface with a majority o f basic functional groups and TiOz/Darco has less 
functional groups and has a majority o f acidic functional groups) but the total surface 
functionality had been reduced.
The thickness o f the TiOz/PVA and subsequent TiOa/C coating on the carbon adsorbent 
may be estimated from the electron micrographs; from Fig. 2.4.2g the thickness o f the 
carbon layer from the carbonisation o f PVA appears to be between 3 and 5 pm. More 
study o f this is required. The thickness o f this layer will affect the adsorption properties 
of the carbon adsorbent as well as the adherence o f the TiOi to the support and so this is 
an important parameter to understand and control. The nature o f the TiOi-C interface is 
currently not completely known. The TiOi particles could be held in place either by a 
physical or chemical interaction, or a combination of the two. The physical interaction 
may involve the Ti02  particles being held in place by the carbon (formed from the 
carbonisation o f PVA) surrounding them, the Ti02 particles may effectively be set into a 
carbon matrix. There may, however, be a strong chemical interaction between the 
surfaces o f the Ti02 and the carbon at the interface. A combination o f van der Waals 
forces and chemical bonds {e.g. Ti-O-C) may have formed to bond the Ti02 to the carbon 
surface. The nature o f the Ti02-C interface clearly requires more study and is discussed 
further in section 5.3.1
5.2.2. Adsorption of Phenols and Nonylphenol Ethoxylates
The adsorption o f phenol by the two activated carbons (Mast carbon spheres and Darco 
G-60) was studied in some detail. The effect o f surface area, pore size distribution, 
surface chemistry and solution pH was considered.
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In Chapter III it was shown that the surface chemistry o f the carbon adsorbent has the 
most significant effect on the phenol adsorption capacity. The chemistry o f the carbon’s 
surface, studied using Boehm titrations' ,^ was found to be dependent on the method 
chosen for the activation o f the activated carbons. Activation using CO2 was found to be 
more effective than using air, because CO2 activation produced carbons with higher 
surface area. Activation by CO2 also removes acidic functional groups from the carbon 
surface. Having a mostly acidic surface was found to be detrimental for the adsorption o f  
phenol by an activated carbon. Acidic functional groups, at the edges o f the graphene 
basal planes, withdraw electron density from the graphene basal planes. This reduces the 
strength o f the interaction between phenol and these basal planes, as phenol is an electron 
acceptor. The adsorption o f phenol was also observed to be highly dependent on the pH 
o f solution. The phenol adsorption capacity o f all carbon adsorbents, regardless o f the 
surface chemistry and surface area, was significantly reduced at high pH. There appears 
to be a cliff edge at pH 9, at which there is very large reduction in the adsorption capacity 
as the pH increases further. This effect is mostly likely a result o f the electrostatic 
repulsion between the phenolate anion and the net negative charge o f the carbon surface 
under these basic conditions.
Throughout Chapter III the two main rival mechanisms for phenol adsorption, Coughlin 
and Ezra ’^^  and Mattson and Mark ,^ were discussed and the data presented was related to 
these mechanisms during the interpretation. After considering each mechanism and the 
findings relating to the adsorption capacity with changes in carbon surface chemistry and 
solution pH, the author believes that the Mattson and Mark mechanism^ (i.e. charge- 
transfer complex formation between the phenol molecule and basic functional groups on 
the carbon surface) most accurately represents the adsorption o f the phenol on the surface 
of carbon adsorbents.
The NPEO adsorption capacity o f the MastCarbon and Darco adsorbents was found to be 
very different. The differences could not be explained in terms o f surface area or surface 
chemistry, as was the case for the adsorption o f phenol. Analysis o f the pore size 
distribution (PSD) using N2 adsorption, found that MastCarbon spheres and Darco G-60
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have very different pore structures. It must be noted at this point that N2 adsorption using 
the BHJ model^ is only capable of determining the PSD in the range o f 2-300 nm. A 
significant proportion o f the total pore volume in activated carbons is accounted for by 
pores of smaller diameter {i.e. <2 nm). However, as the BHJ model was used, then only 
mesopores are discussed. The MastCarbon spheres have a very narrow mesopores PSD, 
whereas Darco G-60 has a well developed mesoporous stiucture with a wide spread of 
different pore diameters. To determine whether the PSD influences the adsorption 
capacity o f carbons, a sample o f MastCarbon sphere was heavily air-activated to increase 
the surface area and widen the PSD. Measurements on the air-activated carbon spheres 
showed that the activation had vastly increased the amount o f mesoporous structure and 
the distribution o f pore diameters in the carbon. The results from NPEO adsorption 
experiments showed an increased NPEO capacity for the air-activated MastCarbon 
spheres; the increase did not reach the adsorption capacity of Darco G-60 but it was a 
significant improvement. This was explained in terms o f the adsorption o f  micelles o f the 
surface-active NPEO molecules in the pores o f the carbons, as the concentrations o f  
NPEO used were comfortably above the critical micelle concentration (CMC).
The effect o f the carbon’s surface chemistry and the solution pH was found to have only 
a minimal effect on the extent o f  adsorption o f NPEO. The carbons were found to have a 
selectivity with which NPEOs were adsorbed. HPLC analysis o f the NPEO solution as 
the carbon-NPEO system approached adsorption equilibrium showed that the shorter- 
chained nonylphenol ethoxylates were preferentially taken out o f solution. This is a gieat 
advantage for the application of carbons for the removal of NPEOs from water. As was 
stated in Chapter I, the shorter the ethoxylate chain the more potent the molecule as an 
endocrine disrupter. Therefore, the activated carbon removes the most hazardous 
molecules from solution preferentially.
The adsorption capacity o f the Ti02/C for phenol is somewhat lower than the adsorption 
capacity o f the parent carbon adsorbent. The amount o f phenol adsorbed is reduced by the 
lowering o f the surface area after coating the activated carbon with PVA and Ti02. The 
reduction in surface area (and adsorption capacity) is not unexpected as a large amount of
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the composite is Ti0 2  {i.e. 20wt% for Ti02 /Mast and 26wt% for Ti02 /Darco), which has 
a much lower surface area than the carbon {i.e. 55 m  ^g’  ^ compared with >750 m  ^g'^  for 
the carbons) and in comparison to activated carbon, Ti0 2  is a relatively poor adsorbent. 
One advantage from the production o f the composite is that the acidic functional groups 
are removed from the surface o f the carbon during the carbonisation o f the PVA binder, 
which results in a surface chemistry that is ideal for the adsorption o f phenol (see Section 
3.3.2). The adsorption capacity o f Ti02/C composites for NPEO was, at first sight, 
somewhat surprising. The adsorption capacity o f Ti02/Mast for NPEO was greater than 
that o f MastCarbon spheres. The mesopore PSD can be used to explain the high NPEO 
adsorption capacity of the Ti02/C composites. The PVA coating, on the carbon particles, 
after carbonisation, produces a new set o f pores with a wider diameter than seen in the 
parent carbon adsorbent (see Fig. 3.3.5b and Fig. 3.35c). These appear to be ideal for the 
adsorption o f NPEO. Therefore, the adsorption capacity o f the Ti02/C composites is high, 
even though the surface area is relatively low.
The adsorption o f phenol has been found to be proportional to the surface area o f the 
carbon adsorbent, irrespective o f the pore size distribution^. However, the same research 
group observed that the adsorption capacity for larger organic molecules was not only a 
function of S b e t  but was also related to the relative size of the molecule adsorbed and the 
diameter o f the pores o f the adsorbent^. Denoyel et. al. measured the adsorption isotherm 
of TX-lOO on porous silicas with different pore size distributions^®. They observed a 
higher adsorption capacity for the silica with the largest average pore volume and 
produced a scheme for the adsorption o f surfactant micelles. This scheme has four ranges 
of pores. In range 1, the pores (<5 nm diameter) are smaller than the surface micelle 
thickness and so micelles cannot be formed in these pores and so the amount o f surfactant 
adsorbed is negligible. Range 2 corresponds to those pores whose width is comparable to 
the surface micelle thickness (Fig. 5.2.2(a)). Range 3 (Fig. 5.2.2(b)) corresponds to 
mesopores able to accommodate one or two surface micelles. In range 4 (Fig. 5.2.2(c)), 
multiple surface micelles can be accommodated within the pore. The pore size 
distribution has an influence on the formation o f aggregates within the porous network
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but it does not directly affect the adsorption o f the monomer and adsorption o f surface 
micelles results in an enhanced adsorption potential^®.
<01
(a) (b) (c)
Fig. 5.2.2. Scheme for the adsorption o f non-ionic surfactant molecules in mesopores: (a) 
range 2 (5 nm < dpore > 6 nm); (b) range 3 (6 < dpore > 11 nm); (c) range 4 (dpore > 11 nm).
The initial kinetics o f adsorption o f phenol and Darco G-60 were found to be first order. 
Darco G-60 performed better than MastCarbon spheres, owing to the higher degree o f 
activation o f Darco G-60. The rate o f phenol adsorption was found to be higher than the 
rate o f NPEO adsorption. This is to be expected. The phenol molecule is considerably 
smaller than NPEO molecules and so diffusion within the porous network will be much 
quicker. The rate o f uptake is determined by the rate o f external mass transfer and intra­
particle transport, as discussed in Chapter III. Thus, the rate o f adsorption is generally 
controlled by transport within the porous network o f the carbon particle. This intra­
particle diffusion may occur by several different mechanisms: surface diffusion^ pore 
diffusion^^; or a combination o f the two* .^ The diffusion o f NPEO molecules and NPEO 
micelles into and within the pores o f the activated carbons will be limited by the size o f  
the molecule and the diffusion o f micelles will be limited to pores which are wide enough 
to accommodate them. The calculated areas for adsorbed NPEO molecules ranged fr om
55.8 nm  ^ to 101.2 nm  ^ (see Table 3.3.5a) and the average pore diameters for the 
adsorbents range from 2.8 nm to 3.8 nm (see Table 2.4.2a). This indicates that size 
exclusion may be occurring and the calculated activation energy for the adsorption o f  
NPEO on MastCarbon microspheres (35 kJ moT )^ may be due to pore diffusion rather
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than physical adsorption. In both the case o f phenol and NPEO adsorption the kinetics 
can be improved by increasing the degi ee o f activation. The more pores available and the 
wider those pores the more rapid the kinetics o f adsorption will become. In order to fully 
analyse the kinetics o f adsorption o f both phenol and NPEO by the adsorbents used in 
this study more data is required. The kinetic experiments need to be carried out with a 
range o f different initial concentrations (of both the adsorbent and the adsorbate) and with 
a range o f different degrees o f solution agitation. This is discussed further in section
5.3.2.
The overall conclusion that can be drawn from this is that using activated carbon can be a 
very effective method o f removing NPEO from water. The carbon can be engineered to 
maximise the adsorption capacity for NPEO by producing pores o f a large diameter for 
the adsorption o f NPEO micelles. A carbon with a porous network that consists o f a large 
number o f macropores would be most suitable. It has been determined that the surface 
chemistry of the carbon adsorbent has little, if  any, effect on the adsorption of NPEO and 
the adsorption capacity is relatively insensitive to solution pH, when compared with the 
adsorption o f phenol. The result o f this is that carbon could be used for the adsorption of 
NPEOs under a wide range o f conditions and there appears be no need to control the 
surface chemistry, although this requires further study.
5.2.3. Photocatalysis
The photocatalytic degradation o f phenol and alkylphenol ethoxylates was studied using a 
batch photoreactor and a Hg discharge lamp as the UV photon source. Suspensions o f  
Ti02 or Ti02/C were formed in solutions o f phenol or NPEO by stirring o f the mixture 
and after the lamp was switched on the concentration o f the pollutant in solution was 
measured at regular intervals.
The photodegradation o f phenol at pH 7 by Ti02, Ti02/Mast and Ti02/Darco showed that 
the performance o f the Ti0 2 /Mast composite was the best and that Ti02  alone and 
Ti02/Darco were roughly equivalent. The difference in the photocatalytic performance
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between Ti02 /Mast and Ti0 2 /Darco was predicted during the characterisation o f the 
composites. The measurement o f the height o f the Ti02 absorption edge by UV-vis-DRS 
showed that Ti02/Mast had an absorption edge height o f 0.201 AU, at 388 nm, and 
Ti02/Darco had an edge height o f only 0.063 AU, at 376 nm. The positions o f the 
adsorption edges for the two composites are representative of anatase Ti02  (the majority 
of the Ti02 was confirmed to be anatase by XRD); the wavelength for the adsorption 
edge for the Ti02 /Darco composite is slightly shifted because o f the small size o f the 
adsorption edge. The differences, in absorption edge height, are attributed to the amount 
of light-blockage by the carbon support. The MastCarbon spheres have an almost shiny, 
grey appearance, indicating that there is a significant amount o f light reflected from the 
surface (significant for an amorphous carbon) whereas Darco G-60 is a fine matt black 
powder, similar in appearance to carbons used as pigments for black ink or toner. 
Therefore, this characterisation technique appears, on this limited amount o f evidence, to 
be a good way to rank the performance o f different Ti02 /C composites in the 
photodegradation o f phenol.
The photodegradation o f phenol over Ti02 is most effective under alkaline conditions. 
The rate constant determined at pH 9 for the photodegradation o f phenol was found to be 
approximately double the rate constant at pH 7. This difference in rate constant was 
attributed to the electronic structure o f  the Ti02 photocatalyst. As was discussed in 
Section 4.3.1.1, the position o f the Ti02 conduction band is pH sensitive '^  ^ and the 
reducing power o f Ti0 2  is relatively weak^ {i.e. the position o f the conduction band is 
only slightly negative compared to the Normal Hydrogen Electrode at pH 0). Increasing 
the solution pH moves the position o f the conduction band and increases the reducing 
power o f titania. The interfacial electron transfer process in the reduction o f oxygen 
during the photodegradation o f organic molecules in solution is considered to be rate- 
limiting^ .^ Increasing the solution pH, and thus the reducing power o f the Ti02, increases 
the rate of oxygen reduction. This increases the rate o f the rate-limiting step and the 
overall rate o f photodegradation o f organic molecules. The role o f oxygen in the 
photodegradation was also investigated. Throughout all the photodegradation 
experiments oxygen was bubbled into the solution. To determine if  dissolved oxygen was
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required, helium was on one occasion bubbled into the solution. This He was used to 
purge the solution o f oxygen before the Hg discharge lamp was switched on and this 
bubbling of He continued throughout this particular degradation experiment. The result 
was an unchanged phenol concentration after the photocatalyst and phenol solution had 
been exposed to UV light for over an hour. The half-life o f this reaction in the presence 
of dissolved oxygen was 2.68 h, so a significant amount o f phenol should have been 
consumed in this time period if  dissolved oxygen was not required for the photocatalyst 
to be active. Hence, O2 in solution is critical.
As the adsorption and photodegradation o f phenol were found to be first-order the rate 
constants of these two processes can be compared (see Table 5.2.3a). The rate constants 
for photodegradation o f phenol are one to two orders o f magnitude lower than the rate 
constants for adsorption under the same conditions.
Table 5.2.3a. Comparison o f rate constants for the adsorption and photocatalytic
Adsorbent kAdsorption (S  ) kphotodegradation (S  )
Degussa P25 
Mast Spheres 
Ti02/Mast 
Darco G-60 
Ti02/Darco
n.a.
1.4 X 10'^  ± 0.2 X lO'S
1.0 X 10'^  ± 1.1 X 10'^
7.8x10'^ ±8.9x10'^  
3.8x10'^ ±4.5x10'^
7xlO-^±3xlO®
n.a.
10xl0"^± 11x10'^ 
n.a.
8 X 10'^  ± 7 X 10®
The rate of photocatalysis is dependent on the incident light intensity, [Ti02] (which was 
fixed in this study at 0.5 g dm'^), [O2] (the solution under study was saturated with O2), 
the nature and concentration o f organic molecule, temperature and pH. Other studies have 
found that photocatalysis is not particularly temperature sensitive^. The carbon adsorbents 
were used at a concentration o f 8 g dm'  ^ compared with the Ti0 2  concentration o f  
0.5 g dm' .^ Increasing the Ti02 concentiation above this concentration would not 
necessarily result in a linear increase in the rate o f photodegradation as the Ti02  particles 
shadow each other from the photon source. However, reducing the carbon concentration 
in the phenol adsorption studies would significantly affect the rate o f phenol adsorption.
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The adsorbent is also effectively consumed during the adsorption o f phenol {i.e. the 
adsorption sites are occupied and regeneration treatments are required to remove the 
adsorbed molecules), whereas the photocatalyst can continue to photodegrade the phenol 
molecules.
pH 7 is not the optimum condition for the photodegradation o f phenol. The rate is 
significantly higher at pH 9. However at high pH values the adsorption o f phenol by 
carbon adsorbents is retarded by the electrostatic repulsion between the phenolate anion 
and negatively charged carbon surface under these conditions. In order to gain a more 
complete understanding o f the relative performance o f adsorbents and photocatalysts the 
two systems need to be studied under a wider range o f conditions.
The rate o f photocatalysis is obviously dependant on the intensity o f incident ultra- 
bandgap photons but the efficiency o f the process needs to be taken into consideration 
before simply increasing the intensity o f the incident photons. The most direct indication 
of the efficiency o f photodegradation o f any organic molecule is obtained from 
calculation of the quantum yield for the process (Ooveraii). This is defined as:
_  rate o f  reaction
overall rate o f  adsorption o f  photons
In semiconductor photocatalysis, the calculation o f Oovemii is very difficult. The main 
reason being that it is very difficult to assess the rate o f absorption o f ultra-bandgap 
photons, as the semiconductor particles will absorb, scatter and tiansmit light. A more 
usefiil term^ ® is the “photonic efficiency” which is defined as:
_ rate o f  reaction# = —incident monochromatic light intensity
It has been suggestedthat the amount o f light scattered by a TiOi dispersion may be 5- 
74% of the incident intensity. Therefore, the difference between Ooveraii and  ^ may be
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significant. In the field o f photocatalysis many workers use polychromatic light sources, 
such as Xe arc lamps, medium pressure Hg lamps (as used in this study) and blacklight 
bulbs. If a polychromatic light source is used, a value for  ^can not be calculated. Under 
these circumstances, we can calculate the formal quantum efficiency (FQE)'*, which is 
defined as:
rate o f  reactionFQE = incident light intensity
If monochromatic light is used, FQE = otherwise FQE < For multielectron- 
photoreactions, FQE values will be much less than unity. The parameters FQE and  ^ at 
least provide some idea o f the efficiency o f the photocatalytic process, however, it must 
be remembered that the rate o f photodegradation of organic molecules is dependant on a 
number o f factors.
The medium pressure Hg discharge lamp emits photons at a number o f different 
wavelengths, however, only those with a wavelength between 300 nm and 400 nm will be 
absorbed by the photocatalyst. This is because the lamp is surrounded by a Pyrex water 
jacket, which will cut off all wavelengths below 300 nm, and the TiOi photocatalyst can 
be considered to only absorb photons with a wavelength of less than 400 nm.
Spectral radiation strength (relative units)
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Fig. 5.2.3a. Typical spectrum o f a medium pressure Hg-discharge lamp 19
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The 400 W lamp used has a total emission o f 14,400 candela (Cd) and roughly 43% of 
the photons emitted are in the range o f 300-400 nm (this percentage is calculated and was 
unfortunately not measured for the lamp used). An assumption has to be made on the 
number o f photons being generated in this range. With a mean wavelength o f 575 nm, 
100,000Cd = 1.3x10^  ^photons s"^  Consequently, based on this assumption, the number 
of photons emitted in the rage o f 300-400 nm from this lamp is 1.34x10*  ^einsteins s '\  
This number can then be used to calculate the formal quantum efficiency (FQE), 
assuming that all emitted photons are absorbed by the TiOi photocatalyst.
Table 5.2.3b. Formal quantum efficiency for the photodegradation o f  phenol, calculated 
for Degussa P25 at different pH and TiOz/Mast composite with initial phenol 
concentration o f 1 mM.
Photocatalyst pH Rate constant (s"^ ) Rate (M s‘*) FQE (mol einstein^)
Degussa P25 3 3.5 X 10'^ 3.5 X 10'^ 0.0007
P25 7 7.2x10"^ 7.2 X 10'^ 0.0015
P25 9 1.7 X 10'^ 1.7x10'^ 0.0035
TiOz/Mast 7 lOx 10'^ 1.0 X 10'^ 0.0021
The photoefficiencies for the photodegradation o f phenol in this system is significantly 
below unity. Indeed the highest efficiency (i.e. Degussa P25 at pH 9) is only 3.5%. Using 
FQE to measure the efficiency o f a photocatalytic reaction gives a result which is 
significantly lower than the actual photoefficiency, as discussed earlier. This 
measurement does not take into account the light scattered by the photocatalyst and 
subsequently lost from the photoreactor. A more accurate figure would be obtained by 
using a monochromatic light source and spectro-radiometer, so that the number o f  
incident photons on the photocatalyst could be measured. The accuracy o f the 
photoefficiency calculation could be increased further by taking into account the amount 
of light scattered by the photocatalyst. This figure can be as high as 74% of the incident 
radiation* .^ The amount o f light scattered by the photocatalyst could be investigated by 
carrying out actinometry experiments or photon counting (using a photomultiplier for 
example or a spectioradiometer, as mentioned earlier). Other workers in this field have
Chapter V: Summary and Future Work 181
often reported the relative photoefficiencies o f a system, comparing different 
photocatalysts to Degussa or comparing different pollutants to phenoP' .^ Photonic
efficiencies for the photodegradation o f phenol have been reported by other researchers. 
Toyoda e t  al?^ reported ABC photonic efficiency of 0.00742 mol einstein'* for 710% 
powders loaded with Pt in the photocatalytic degradation o f phenol under solar 
irradiation. Dionysiou e t  reported photonic efficiencies between 0.68% and 2.06% 
in the photodegradation o f 2,4,6-trichlorophenol in a TiOa rotating disk reactor. The 
photonic efficiencies obtained by these two research groups are o f the same order o f  
magnitude obtained as those reported here. Although the photonic efficiency is far 
removed from the measurement o f the quantum efficiency o f the photodegradation 
process, it is a reasonably accurate measure o f how efficient the process would be in a 
real world application.
There does not appear to be a clear performance advantage for the Ti0 2 /C composites 
over TiOi alone when it comes to the photodegradation o f NPEO, as was the case for 
phenol photodegradation. The performance o f the TiOi/Darco composite was very poor 
in comparison to Ti0 2  alone. The photodegradation o f these larger molecules must be 
considerably more difficult than the photodegradation o f phenol. Therefore, the area o f  
Ti0 2  absorbing photons is more critical to the performance and this was measured fi'om 
the height o f the absorption edge in the UV-vis-DRS spectra. As the absorption edge is 
relatively small for Ti0 2 /Darco, its performance in the photodegradation o f NPEO is 
limited. Improving the photocatalytic performance o f the Ti02 /C composites by preparing 
them with a higher Ti02  content is discussed in Section 5.3.1.
The selectivity o f the photocatalysts was monitored in the same way as the selectivity o f  
the adsorbents for NPEO adsorption was monitored in Chapter II. Samples o f the solution 
were taken at intei-vals and the NPEO molecules were extracted into hexane for HPLC 
analysis. The selectivity o f all the photocatalysts was found to be the same, regardless o f  
whether a carbon support was present. The photocatalyst preferentially degiaded the 
NPEOs with longer ethoxylate chains. This is the opposite to the selectivity o f the 
adsorbents. The mechanism of photodegradation o f  NPEO was investigated using HPLC
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analysis o f the solution. It was evident from the analysis o f the solution that a major route 
to the complete photodegradation o f NPEO was attack at the ethoxylate chain. The 
ethoxylate chain is shortened by this attack and therefore the relative concentration o f the 
shorter chained NPEOs increases, as observed.
The extraction o f the NPEO and the products o f  photodegiadation by hexane may have 
favoured the extraction o f the most non-polar molecules. The effect o f this selectivity was 
minimised by always comparing the HPLC chromatograms measured on samples taken 
during photodegradation experiments with a sample taken from the NPEO solution before 
it came into contact with the photocatalyst. This is not to say that the selection o f a more 
polar solvent would have given a different result. If for example ethyl acetate had been 
selected, this selectivity may not have been observed as this solvent would have a 
stronger affinity for NPEO molecules with longer ethoxylate chains. However, the NPEO 
used in this study had relatively a relatively short average ethoxylate chain length (NPEO 
with average o f 70 ethoxylate units are commercially available) and as such is highly 
soluble in non-polar solvents. Therefore, it is unlikely that the choice o f  hexane for the 
extraction o f the NPEO had a significant effect on the measurement o f the selectivity o f  
the adsorbents and photocatalysts.
After the photodegradation o f NPEO with Degussa P25 was complete the photoreactor 
was opened to discover that all the TiOi had aggregated and been deposited on all the 
internal surfaces o f the photoreactor. A grey paste was removed fi'om the walls o f the 
photoreactor and dried. Analysis o f the now grey powder was carried out by washing the 
powder with hexane and analysing the hexane washing with GCMS. The chromatogram 
showed the presence o f NPEOs on the surface, as would be expected after incomplete 
photodegradation of and NPEO solution, but the distribution was different to that found 
in solution using the same analytical technique. There were large amounts o f nonylphenol 
and short-chained NPEOs on the TiOg surface not found in significant concentrations in 
solution. These molecules are believed to be the main reason for the aggregation o f the 
TiOz particles. During the photodegradation o f NPEO highly hydrophobic molecules are 
formed on the surface o f the TiOi and in order to reduce the interaction o f these
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hydrophobic molecules with the water surrounding the Ti02  the particles aggregate and 
are deposited on the surfaces o f the reactor. Others workers in this field have described 
the aggregation o f Ti0 2  during the photodegradation o f surfactants^ ’^^  ^ but they do not 
identify the molecules that are causing the aggregation to occur. Further analysis o f the 
GCMS chromatograms revealed products from the cleavage o f the aromatic ring. Peaks 
in the chromatogram where identified as NPEO molecules with the aromatic ring cleaved 
in one position. This result indicates that two photodegradation pathways are in 
competition and complete analysis o f both degradation pathways requires more work (see 
Section 5.3.3). A scheme for the photodegradation of phenol was devised by Langford et 
al?^ including the intermediates, catechol and hydroquinone, they obseiwed during the 
photooxidation experiments. They also observed small quantities o f trihydroxy species 
and products o f ring opening (i.e. malic acid and muconic acid). In the photodegradation 
o f bisphenol-A, products o f hydroxylation have been obseiwed^®. Substitution o f an 
electron-donating hydroxyl group into an aromatic ring (or indeed multiple hydroxyl 
groups) increases the electron density o f  the ring and the double bonds become 
vulnerable to attack from an electrophile. Therefore, it appears that photodegradation o f  
aromatic rings is initiated by the attack o f electrophilic hydroxyl radicals which is 
followed by ring cleavage.
OH OH
OH
OHOH
OH
Open Ring Fragments
OH OH
OH
OHOH
Fig. 5.2.3b. Scheme for the degradation pathway for phenol in an acidic medium (adapted 
from ref^ )^
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One o f the main reasons for producing Ti02 /C composites is that in supporting the Ti0 2  
particles on a much larger particle there would be no need for ultrafine separation o f the 
Ti0 2  from the solution after use. When photodegradation is complete the Ti02 /C 
composites could be removed much more easily. After observing that during the 
photodegradation o f NPEO the Degussa P25 particles aggregated, it was hoped that the 
larger Ti02 /C particles would be resistant to this and a higher level of photoactivity 
would be retained for a longer period o f time with the composites. However, this was not 
the case: the TiÜ2/C particles also aggiegated.
The observation of photocatalyst aggregation calls into question whether suspensions o f  
Ti0 2 , either with or without a support, are suitable for the complete photodegradation of 
surfactants. Long term application o f a photoreactor would not be possible as 
photoactivity would be hampered by the aggregation o f the photocatalyst. A solution to 
this could the immobilisation o f the photocatalyst on a stationary support and this is 
discussed in further in Section 5.3.3.
5.5. Potential Future Work
This section discusses what work could be done to follow up the work in this thesis if  
more time was available.
5.3.1. Future Work on the Preparation of T1O2/C Composites
The Ti02 /C composites were prepared using two techniques, after the technique using a 
PVA binder was found to be successful in producing a stable coating resistant to 
application in water. After this success the preparation was scaled up and adsorption and 
photocatalytic experiments were carried out.
The preparation was not repeated to give different wt% of Ti02  in the Ti02 /C composite. 
The properties o f the composite could be changed by altering the amount o f Ti02  in the 
composite. Increasing the loading o f Ti0 2  in the composite will increase the height o f the
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absorption edge measured by UV-vis-DRS and thus the photocatalytic performance. 
Increasing the amount o f TiOi is likely to reduce the effectiveness o f the composites as 
adsorbents. However, this may be offset by carrying out an activation treatment on the 
composite to develop the porous structure o f the carbonised PVA binder. This will 
increase surface area, adsorption capacity and the kinetics o f adsorption o f the composite. 
Through producing TiOz/C composites with different TiOzzC ratios, the optimum ratio 
might well be found which maximises the benefits o f both the adsorbent and the 
photocatalyst.
The dispersion o f the TiOa on the surface o f the activated carbon was not ideal. Electron 
micrographs o f the surface o f the composites showed large clusters o f TiOz which 
enhance photocatalytic performance if  dispersed more evenly over the surface o f the 
carbon. This could be achieved by using a surfactant during the preparation of a TiOa 
composite. The surfactant could be used to better disperse the Ti0 2  in the sluny so that 
the carbon spheres were coated more evenly. This will be more important if  the amount 
o f Ti02  in the composite is increased to boost photocatalytic activity. The surfactant will 
then be removed or carbonised during the carbonisation o f the PVA binder.
It is believed that taking these steps will improve the photocatalytic performance o f the 
Ti02 /C composites which is required to make a case for the application on a large scale. 
After each change in the preparation o f the Ti02 /C has taken place the new composite 
will be fully characterised using the techniques discussed in Chapter II. If the results from 
characterisation are positive {e.g. a much improved surface area, a higher absorption edge 
from the Ti0 2  on the surface or a better dispersion) then the new composites would need 
to undergo adsorption studies and photocatalytic activity testing.
A rough measurement of the PVA/Ti0 2  coating thickness on the carbon support has been 
carried out from electron micrographs o f the composites made using MastCarbon 
spheres. In order to get a more accurate measure of the thickness o f the coating more 
micrographs need to be taken and particularly useful images would come Irom composite 
particles that have been broken into smaller fragments. These images will allow the
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cross-section o f the coating to be seen much more clearly and measurement o f the 
thickness would then be relatively simple. These images could also aid in determining the 
nature o f the Ti02 /C interface. As was stated earlier, the Ti02  particles could be bound to 
the carbon surface either by being physically anchored to the carbon or by the formation 
of Ti-O-C bonds during the carbonisation o f the PVA binder. SEM may help in 
determining whether the Ti02  particles are bond to the carbon by being bound within a 
carbon matrix, by looking for Ti0 2  particles on the outer surface o f the composite with a 
minimal amount of the particle in contact with the carbon. This would indicate the 
presence o f chemical bond binding the particle to the carbon surface. This chemical 
bonding will have to be investigated further. A detailed study using XPS and IR- 
reflectance techniques could reveal any bonding between the Ti02  and carbon at the 
Ti02 /C interface. The nature o f the Ti02 /C interface would be an interesting avenue for 
future study.
5.3.2. Future Work on the Adsorption Studies
Adsorption studies have been carried out with a model compound {i.e. phenol) and a 
NPEO. To expand on this work more commercially available NPEOs would need in 
future to be studied. A number o f different NPEOs are available (see Table 5.3.2), with 
different average ethoxylate chain lengths, and it would be interesting to determine the 
relationship between the average ethoxylate chain length and the adsorption capacity o f  
the adsorbents studied.
Along with the continued study o f adsorption capacity for NPEO molecules, the 
measurement o f the kinetics o f adsorption o f phenol and NPEO under different 
conditions could also be carried out. The effect o f changing the level agitation was not 
investigated and it is an important parameter in any kinetic study^\ The rate o f pore 
diffusion could be inferred from a study o f the kinetics with different degrees o f agitation 
and so it is very important for the study o f  activated carbons. The heat o f adsorption for 
phenol on the surface o f  MastCarbon spheres was determined from the adsorption 
isotherms at one level o f surface coverage. Ideally the heat of adsorption would be
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determined over a range o f different surface coverage and would be measured for all the 
adsorbent and adsorbate combinations. As was stated in Chapter III, titration 
microcalorimetry or liquid flow microcalorimetiy is required to accurately determine the 
adsorption enthalpies. These techniques would be investigated further and applied to the 
study of the adsorption o f phenol and NPEO by T102/C composites.
Table 5.3.2. Examples o f some commercially available APEOs, structure, source and
Trade Name Structure Producer Uses
Tergitoï‘"NP-70 NP70EO DOW® paper & textile processing, 
coatings
paints &
Tergitol™NP-4 NP4EO DOW® dispersant for petroleum 
cleaning
oil, dry
TergitorNP-30 NP30EO DOW® wetting agent & stabilisers
Triton™ X -100 OP9.5EO DOW® household & industrial cleaners.
textiles, metalworking, pulp & paper
Nonoxynol-9 NP9EO - spermicide, cosmetics
Igepal® CA-520 OP5EO Stepan dry cleaning, de-icer additive
Igepal® CA-897 OP40EO Stepan emulsifier for vinyl 
polymerisation
acetate
Igepal® CO-720 NPI2E0 Stepan textiles and domestic products
Igepal® CO-730 NP15E0 Stepan general detergency
When the Ti02 /C composites are applied to real wastewater there will be a number of 
inorganic ions present in quite significant concentrations. These inorganic ions may have 
an influence on the degree o f phenol adsorption and so a study will need to be conducted 
to determine the influence o f ions commonly found in wastewater. This will need to be 
carried out in the same way as all the previous adsorption studies, but the phenol solution 
will need to be spiked with a known amount of different inorganic ions before the 
experiment begins.
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The aim of any future adsorption studies would be to build on the data that has already 
been collected for the adsorption o f phenol and NPEO. Any additional data on the 
adsorption o f these molecules will be extremely useful for the next stages in development 
of TiOi/C composites for water treatment.
6.3.3. Future Work on Photocatalysis
A foil study o f the photodegradation o f NPEO molecules was complicated by the 
technical mixture o f nonylphenol ethoxylates used in this work {i.e. Igepal CO-520). 
Some indicators o f the mechanism o f photodegradation were observed by HPLC. This 
showed a slight change in the distribution o f ethoxylate chain lengths, indicating that one 
photodegradation pathway was the shortening o f the ethoxylate chain. However, there 
was no way to determine whether this was a dominant degradation pathway. To study the 
photodegradation o f NPEO further the author would have liked to carry out some 
preparative HPLC on the NPEO mixture to isolate NPEOs o f particular ethoxylate chain 
lengths. This technique could be configured to collect amounts o f a specific ethoxylate 
chain length and so the photodegradation experiments could be carried out with an NPEO 
with a single ethoxylate chain length. At this stage the photodegradation pathways could 
be studied in more detail. The generation o f shorter-chained NPEOs would be a clear 
indication o f attack on the ethoxylate chain. With the isolation o f a number o f different 
chain lengths calibration curves for the HPLC-UV response to the concentration o f each 
NPEO could be plotted so the significance o f ethoxylate chain shortening could be 
determined {i.e. the concentration o f the initial NPEO could be monitored along with the 
concentration o f shorter-chained NPEOs in solution to determine if  all the initial NPEO is 
converted to shorter-chained NPEOs). The other photodegradation pathway discussed in 
Chapter IV was the cleavage o f the aromatic ring. This photodegradation pathway could 
be studied at the same time as the study o f the shortening of the ethoxylate chain. GCMS 
has already shown the products o f ring cleavage, but in a simplified system all the 
products o f ring cleavage could be determined and tracked using GCMS so the relative 
weighting o f this photodegradation pathway could be determined.
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Complete mineralisation o f the organic molecules in solution is the ultimate goal o f a 
photocatalyst for water treatment. This is a difficult parameter to measure using 
techniques such as UV absorption and chromatography. There may be large numbers and 
amounts o f molecules, which are undetectable by the chosen technique, produced during 
photodegradation. The evolution o f CO2 from the photoreactor would, o f course, give an 
accurate and quantitative measure o f the complete mineralisation. The photoreactor could 
be sealed and the CO2 concentration in the air above (and in equilibrium with) the 
solution could be continuously monitored thioughout the reaction. A CO2 detector based 
on a single wavelength FTIR could easily monitor CO2 concentrations in a range from a 
few ppm up to 10% of the air in the photoreactor. Similarly, a mass spectrometer could 
be used to sample the gases in the photoreactor and monitor the CO2 concentration. The 
mass spectrometer could also scan for ions from other volatile organic compounds which 
may be formed during the photodegradation o f phenol and NPEO. The measurement o f  
CO2 evolution will allow the rate o f mineralisation to be calculated, a very important 
parameter for the application o f photocatalysts on an industrial scale. There are a number 
NPEOs that have different average ethoxylate chain lengths that are commercially 
available. The average ethoxylate chain length is selected depending on the specific 
application. The complete mineralisation o f NPEOs with different average chain lengths 
could be measured using CO2 evolution to determine the relationship between the 
average chain length and the time taken for complete mineralisation. This would also be 
an important parameter to know, and could be used in advising which NPEO are 
unsuitable for use because they take too long to photodegrade completely.
The aggregation o f T %  and Ti02 /C particles during the photodegradation of NPEO is a 
major obstacle to large-scale, continuous application o f photocatalysts for the degradation 
o f surfactants. One way to overcome this obstacle could be to immobilise the 
photocatalyst on a stationary support. A carbon cloth could be utilised as the support for 
the photocatalyst. The flexibility o f this support means that it could be used to line the 
walls and any other surfaces within a photoreactor and could be coated with titania using 
any o f the techniques described in Chapter II. Using a carbon cloth as a support would 
allow the advantages o f the photocatalyst/adsorbent system to be retained; the carbon
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cloth can be produced with a surface chemistry and pore size distribution best suited to 
the application.
Fig. 5.3.3a. Activated carbon cloth with different weaves and fibre thicknesses
The application o f Ti0 2 /C composites in real wastewater would be an important step in 
the development o f the composites. Wastewater would present a new set of challenges 
which have been avoided in this body o f work. The wastewater will contain a number of  
organic species that will compete for the adsorption sites on the surface o f the 
composites. There will also be inorganic ions in solution which may influence adsorption 
or poison the surface o f the photocatalyst and the pH of the wastewater may not be ideal 
for the best performance o f the photocatalyst.
Studies using wastewater could be carried out, after detailed characterisation, by spiking 
the wastewater with phenol and measuring the phenol adsorption capacity and the 
photocatalytic activity. The adsorption capacity and photocatalytic activity would be 
compared with a model system and parameters o f the wastewater would be changed {e.g. 
the pH) to see if simple changes to the wastewater can be made to improve the 
performance o f the Ti0 2 /C composite. The same process would be carried out after 
spiking the wastewater with NPEO. This type o f study would be the best method to 
determine what the performance o f the Ti0 2 /C composite would be in a full-scale
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application without the production o f a pilot plant and this would be the ultimate goal of 
any future work on this project.
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Appendix A: Calibration Curves
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Appendix B: Kinetics Plots
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Fig. B5. Kinetics o f phenol adsorption at 298 K on TiOz/Darco
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Fig. B6 . Kinetics of NPEO adsorption at 298 K on MastCarbon spheres
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Fig. B7. Kinetics o f NPEO adsorption at 308 K on MastCarbon spheres
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Fig. B8 . Kinetics of NPEO adsorption at 318 K on MastCarbon spheres
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Fig. B9. Kinetics o f NPEO adsorption at 298 K on TiOi/Mast
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Fig. BIO. Kinetics o f NPEO adsorption at 298 K on Darco G-60
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Fig. B l l. Kinetics o f NPEO adsorption at 298 K on Ti02/Darco
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